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Research Summary

Title: Development of a Low Cost Inferential Natural Gas Energy Flow Rate
Prototype Retrofit Module

Contractor: Southwest Research Institute (SwRI)

GRI Contract No. 5097-270-3937
(Also DOE Cooperative Agreement No. DE-FC21-96MC33033)

Principal
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Objectives: The project goal was to develop a working prototype instrument
module, for retrofitting a natural gas custody transfer flow meter for
energy measurement, at a cost an order-of-magnitude lower than the gas
chromatograph.

The project had three specific objectives:

• Refine and extend the fundamental technology of inferential
property sensing.  Specifically, revise the inferential correlation
approach to allow use of the speed of sound at arbitrary pressure
and temperature as a correlation variable together with the carbon
dioxide and nitrogen concentrations.

• Design and build a prototype instrument module for energy
measurement.

• Test the prototype at various flowing natural gas conditions in the
GRI Metering Research Facility (MRF).

Technical
Perspective:

The cost to upgrade an existing meter station to energy measurement by
gas chromatography (GC) composition assay is currently $60,000 -
$100,000.  The complexity of the GC requires sustained maintenance by
highly trained staff.  A prior project for the U.S. Department of Energy
(DOE) identified a simpler, inferential approach with the potential to
reduce costs for energy measurement by an order of magnitude.  The
inferential approach used the AGA Report No. 8 Gross Method
Equation of State and measured the sound speed, nitrogen (N2), and
carbon dioxide (CO2) concentrations at standard temperature, 60ºF, and
at standard pressure, 14.73 psia, abbreviated as STP.  This approach was
shown to be technically feasible for a broad range of gas compositions
through the development of least-square-error regression equations and
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by laboratory tests.  DOE and GRI agreed to co-fund a second project
phase to design, build and test a prototype energy meter module that
would be compatible with existing volumetric flow meters for natural
gas service.

Technical
Approach:

The GRI Measurement Technical Advisor Group (MTAG) recom-
mended that the approach be revised to permit using the speed of sound
signal from an ultrasonic flow meter in place of the measured value of
sound speed at STP.  In response to this request, the inferential
correlations were reformulated to employ the sound speed at arbitrary
temperature and pressure and the N2 and CO2 concentrations without
significant loss of accuracy.  For applications not involving an
ultrasonic meter, a separate energy meter module was designed and
fabricated to measure the speed of sound, and N2 and CO2

concentrations on a sample gas stream at reduced pressure.  CO2 and
ultrasonic transducers were selected and installed in the prototype
module.  Smart transmitters were used to measure temperature and
pressure.  A FORTRAN computer code was written to perform the
energy and flow rate calculations.  The FORTRAN code was translated
into ACCOL to run on a Bristol Babcock model 3330 flow computer,
which is commonly used for flow metering installations in the field.
Tests were scheduled with a 12-inch ultrasonic flow meter in the
Metering Research Facility (MRF) High Pressure Loop (HPL) and with
a 4-inch orifice meter in the MRF Low Pressure Loop (LPL).

Results: An unexpected communication problem arose between the ultrasonic
flowmeter and the flow computer.  Although the difficulty was
eventually corrected, it limited the number of energy meter performance
tests within the period of time reserved for testing in the MRF.
Abbreviated tests with the 12-inch ultrasonic meter in the HPL indicated
that the standard volumetric heating value was determined accurately to
within about ±1 Btu/SCF.  A similar abbreviated test using the energy
meter module to measure sound speed with the 4-inch orifice meter in
the LPL appeared to show that the system for measuring gas
temperature within the energy meter module needs to be improved.  The
energy meter module sensor for measuring CO2 concentration
performed well, as expected.

Project
Implications:

Successful development and implementation of a low cost inferential
energy measurement prototype will benefit the U.S. natural gas
industry.  Widespread implementation of a low cost energy measure-
ment instrument will:

• Facilitate improved gas network inventory control by reducing
imbalances and inequities in energy transfers across system
boundaries, and to and from bulk storage facilities.
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• Facilitate the use of thermal energy balances to optimize the fuel
efficiency of industrial plants that are fueled by natural gas.

• Facilitate equitable fuel energy transfer to motorists at compressed
natural gas (CNG) dispensing stations.

This technology will also allow real-time energy rate measurement at
many more field meter sites due to its cost effectiveness.

GRI Project Manager
Charles E. French
Program Manager – Measurement
Pipeline Business Unit
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1.0 EXECUTIVE SUMMARY

A natural gas technology assessment and feasibility evaluation (Behring et al., 1999) was
performed by Southwest Research Institute for the U.S. Department of Energy (DOE) in 1998.
In the assessment phase of the project, the needs and potential benefits of widespread energy
measurement in the U.S. natural gas industry were identified.  The project found that
deregulation and open access have increased the need for widespread energy measurement.
However, energy measurement has had limited implementation.  Traditional gas composition
assay equipment (gas chromatography) is expensive to install ($60,000 - $100,000 per meter
station), and operating economics limit these installations.

Behring et al. also identified the fact that a full composition assay is not required at every
meter station to measure flow rate or energy flow rate.  Flow and energy measurement properties
may be determined with just a few inferential measurements that characterize the natural gas
composition without a full composition analysis.  The practical feasibility of that approach was
demonstrated with least-square-error regression correlations that predict the energy measurement
properties of a natural gas database with accuracy equivalent to a detailed composition assay,
and $500 worth of commercially available on-line sensors.

DOE and Gas Research Institute (GRI)* agreed to co-fund a second project phase to
design, build and test a prototype energy meter module that would be compatible with existing
volumetric flow meters for natural gas service.

1.1 Objectives

The project goal was to develop a working prototype instrument module, with
performance capable of retrofitting a natural gas custody transfer flow meter for energy
measurement, at an order-of-magnitude lower cost than the gas chromatograph.

This research project had three specific objectives:

• Refine and extend the fundamental technology of inferential property sensing.
Specifically, extend the inferential correlation approach to permit using the speed of
sound at arbitrary pressure and temperature as a correlation variable.

• Design and construct a working retrofit instrument module for energy measurement.

• Test the working prototype at various flowing natural gas conditions in the GRI Metering
Research Facility (MRF).

 1.2 Gas Quality Tariffs

Behring et al. developed a database of 102 natural gas mixtures.  This database is a
modified subset of an earlier gas mixture database used by Starling et al. (1991) in the
development of the AGA equation of state for natural gas mixtures (AGA, 1994).  The
inferential correlations developed by Behring et al. are least-square-error regression fits to 102
natural gas mixtures that cover a range of heating values from 987 Btu/SCF to 1151 Btu/SCF.

                                                
* In April 2000, Gas Research Institute (GRI) and the Institute of Gas Technology (IGT) combined to

form Gas Technology Institute (GTI).
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The nitrogen and carbon dioxide concentrations ranged separately from 0.44% to 6.00%, while
the sum of the diluent gases ranged from 0.97% to 7.40%.  To determine whether the range of
heating values or the range of diluent concentrations should be extended, gas quality tariff limits
for interstate gas pipelines were investigated.  Pipelines reserve the right to refuse gas that is
outside gas quality tariff limits.

Miller (1995) reported the results of the Grid Integration Project Task Force that assessed
the impact of gas quality as it affects gas movements across the interstate pipeline grid.  The
Task Force found that gas quality problems affected less than 2% of the average 50+ BCFD of
gas moved across the grid.  The quality characteristics most significant to pipeline operation are
Btu content, and concentrations of carbon dioxide, hydrogen sulfide and water vapor.  The Task
Force's report adds that "other characteristics have lesser impact on operations but may affect
production (e.g., nitrogen), pipeline economics (e.g., inerts transportation), end-use (e.g., sulfur,
inerts) or cause environmental concerns (e.g., trace contaminants)."

The Task Force found that most pipeline companies surveyed reported a minimum Btu
limit between 950 to 970 Btu/SCF.  Of the companies that reported a maximum Btu limit, the
majority set limits between 1050 Btu/SCF and 1200 Btu/SCF (some companies limit
hydrocarbon dew point or liquid hydrocarbon content rather than the energy content).  The
current tariff limits for carbon dioxide concentration are in the range between 1% and 3%, based
primarily on corrosion considerations.  Tariff limits for hydrogen sulfide are much lower, in the
range of 4 ppm to 16 ppm.  At these low levels, hydrogen sulfide will not significantly affect the
natural gas energy content.  Tariff limits for water vapor range from 4 –7 lb/million SCF.  Rather
than specify a separate tariff for nitrogen, it is customary to specify an upper limit for “total
inerts,” which includes the combination of carbon dioxide, nitrogen, carbon monoxide, and any
other gas that does not have a heating value.  Just under one-half of the companies surveyed limit
total inerts in the range of 3% to 5%.

In summary, the gas composition database developed by Behring et al. covers the heating
value range from 987 Btu/SCF to 1151 Btu/SCF compared to the tariff limit range from 950 –
970 Btu/SCF to 1050 - 1200 Btu/SCF.  The database covers the range of total inerts from 0.97%
to 7.40% compared to the tariff limit for total inerts of 3% to 5%.  The nitrogen and carbon
dioxide concentrations in the database range separately from 0.44% to 6.00% compared to the
tariff upper limit for carbon dioxide of 1% to 3%.  We can expect that the inferential least-
square-error correlations developed by Behring et al. will accurately predict the heating value
and thermodynamic properties of natural gas mixtures bounded by the gas quality tariffs.

1.3 Summary

The GRI Measurement Technical Advisor Group (MTAG) recommended that the
approach be revised to permit using the speed of sound signal from an ultrasonic flow meter in
place of the measured value of sound speed at STP.  In response to this recommendation, the
inferential correlations were reformulated to employ the sound speed and the N2 and CO2

concentrations at arbitrary temperature and pressure without significant loss of accuracy.  For
applications not involving an ultrasonic meter, a separate energy meter module was designed and
fabricated to measure the speed of sound and N2 and CO2 concentrations on a sample gas stream
at reduced pressure.  CO2 and ultrasonic transducers were selected and installed in the prototype
module.  Smart transmitters were used to measure temperature and pressure.  A FORTRAN
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computer code was written to perform the energy and flow rate calculations.  The FORTRAN
code was translated into ACCOL to run on a Bristol Babcock model 3330 flow computer, which
is commonly used for flow metering installations in the field.  Tests were scheduled with a 12-
inch ultrasonic flow meter in the MRF High Pressure Loop (HPL) and with a 4-inch orifice
meter in the MRF Low Pressure Loop (LPL).

As the ultrasonic meter tests got under way, an unexpected communications problem
arose between the ultrasonic flowmeter and the flow computer.  Although the difficulty was
eventually corrected, it limited the number of energy meter performance tests within the period
of time reserved for testing in the MRF.  Abbreviated tests with the 12-inch ultrasonic meter in
the HPL indicated that the standard volumetric heating value was determined accurately to
within ±1 Btu/SCF.  A second test was performed using the energy meter module to measure the
speed of sound and CO2 concentration for gas flowing through a 4-inch orifice meter in the LPL.
Data collection was delayed initially by a communications problem between the energy meter
module and the flow computer.  Communication was established by correcting an error in the
computer code.  Tests of the energy meter module showed a +47 Btu/SCF difference between the
measured heating value and the known reference value.  However, the measured value of CO2

concentration was within an average of 0.054 mole% of the known value determined by gas
chromatograph, well within the allowable error of ±0.3 mole% for this measurement.

Attention was focused on the measurements of sound speed and temperature in the
energy meter module to resolve the heating value error.  Two adjustments were made to the
measured data that reduce the heating value error to 2.3 Btu/SCF.  The first adjustment is a
1-cycle correction of –5 µsecond to the ultrasonic signal transit time.  This correction reduced
the error to +15.2 Btu/SCF, demonstrating the importance of accurate sound speed measurement.
The second adjustment is to the measured value of gas temperature, which was influenced by the
ambient temperature (over 90ºF on the day of the test).   When the gas temperature was reduced
from the recorded values of over 90ºF to 73ºF, a value slightly above the gas temperature in the
orifice meter tube, the error in heating value was reduced to –2.3 Btu/SCF.  This demonstrates
the need to insulate the energy meter module from ambient heating and/or cooling effects.

The original energy meter development goal for accuracy was ±5 Btu/SCF.  While an
accuracy level of ±1 Btu/SCF is probably needed for the energy meter to be considered as a
replacement for a gas chromatograph, at the accuracy level of ±5 Btu/SCF the energy meter will
be used in applications where the Btu content of the gas stream is needed, but the cost of a gas
chromatograph is prohibitive.  Also, an uncertainty in energy content of ±5 Btu/SCF (about
0.5%) is not inappropriate when the energy meter is used together with a flow meter of similar or
higher percentage uncertainty in volumetric flow rate.

1.4 Recommendations for Further Work

1. Improve the design and operation of the system used to measure the speed of sound in the
gas stream flowing through the energy meter module.  The goal is to measure the sound
speed to an accuracy of 1 ft/s.

2. Improve the design and operation of the system used to measure the temperature of the gas
stream flowing through the energy meter module.  Eliminate the influence of ambient
temperature on the measured gas temperature.
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3. Select, develop, and evaluate the design of a system for determining the N2 concentration in
the gas stream flowing through the energy meter module by the measurement of a thermo-
physical property such as the specific heat.  A strong candidate is the apparatus and method
described in GRI Patent US5,932,793 (Drayton, 1999) for determining thermophysical
properties using an isochoric (constant volume) approach.

4. Successfully complete the ultrasonic meter test and the orifice meter test, and review the
results with GRI/DOE.

5. Evaluate the performance of the energy meter module for a range of gas mixtures with
heating values in the range from 950 Btu/SCF to 1100 Btu/SCF.

6. Recruit a commercial partner to assess the commercial potential of the energy meter module.

7. Schedule and complete field tests of the energy meter module with an ultrasonic flow meter
and a second class of meter such as turbine meter, orifice meter, or Coriolis meter.
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2.0 Correlating Chemical Properties to Standard Sound Speed

Behring et al. (1999) identified a promising technique to characterize natural gas
hydrocarbon mixtures with a single inferential property when the concentrations of the diluent
gases (carbon dioxide and nitrogen) are known.  The single inferential property was the speed of
sound in the natural gas mixture at standard pressure and temperature conditions of 14.73 psia
and 60ºF.  Successful data correlations were developed for chemical properties such as molecular
weight, MW, mass-based heating value, Hm, standard density, stdρ , molar ideal gross heating

value, Hn,ref, and standard volumetric heating value, Hv,std, which is the product of the standard
density and the mass-based heating value.  The correlations have now been extended to include
speed of sound measured at arbitrary values of temperature and pressure.  However, before
explaining the extensions, it is helpful to review the work accomplished on the previous phase of
this project and the modified approach developed on the current project.

Behring et al. reviewed prior research on inferential methods for determining gas density
and heating value.  Relationships between the gas density, molecular weight, and/or heating
value and the speed of sound had been discovered and discussed before.  Lueptow and Phillips
(1994) noted that the speed of sound had been used to determine the composition of binary (two-
constituent) gas mixtures successfully.  These authors observed that natural gas mixtures with
low quantities of inerts had a greater heating value at a particular sound speed than gas mixtures
with high level of inerts.  They found that the spread of heating values at constant sound speed
was of the order of 7% (approximately 70 Btu/SCF) for gases with inert concentrations ranging
from 0% to 5%.  Lueptow and Phillips did not attempt to compensate for the diluent constituents.

Watson and White (1981) devised a correlation for the natural gas heating value at
standard pressure and temperature to the sound speed.  They assumed that natural gas could be
represented as a blend of methane, ethane, propane and butane with negligible amounts of CO2

and N2.  In the absence of diluents, they claimed that the heating value of the blend could be
monitored acoustically with 0.4% accuracy (approximately 4 Btu/SCF).  These authors noted
that non-combustible gases (N2, CO2) introduced an ambiguity in the energy content
determination.  They concluded, “… a means for segregating or otherwise knowing the non-
combustible gas fractions is required.  A method for achieving this identification acoustically has
not been defined as yet.”

Kristensen et al. (1998) developed a proprietary thermodynamic correlation between the
flowing gas density and the sound speed.  The correlation required the use of known diluent
concentrations, and was able to predict density from sound speed (measured by an ultrasonic
flow meter) to within an accuracy of 1% over several different natural gas compositions.

Behring et al. developed correlations for standard heating value, mass-based heating
value, molecular weight, standard density, etc. as a function of the sound speed at standard
temperature and pressure, and the mole fractions of CO2 and N2.  Also, he showed how the
standard sound speed could be substituted for the relative density of the natural gas mixture so
that the AGA-8 equation of state (Gross Method; AGA, 1994) could be used to calculate
thermodynamic properties such as density and compressibility.

Figure 1a shows the behavior of the standard density, stdρ , as a function of the standard

sound speed, Sstd, for 86 different natural gas mixtures.  The values of stdρ  and Sstd were
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Speed of Sound at Standard Conditions [ft/sec]

1275 1300 1325 1350 1375 1400 1425 1450

ρ s
td

, 
N

a
tu

ra
l G

a
s 

D
e
n

si
ty

 a
t 

S
ta

n
d

a
rd

 C
o

n
d

iti
o
n

s 
[lb

m
/s

cf
]

0.042

0.043

0.044

0.045

0.046

0.047

0.048

0.049

0.050

0.051

0.052

0.053

* 86 different database gas compositions
* Standard conditions: 60 oF and 14.73 psia

Data points in the box
are plotted separately
in Figure 1b.

Figure 1a.  Natural gas density at standard conditions as a function
of speed of sound.
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calculated using Lomic SonicWare® (1997) from the detailed composition analysis listed in
Table 1.  The scatter of the data points for the same value of standard sound speed is caused by
the presence of non-hydrocarbon gases, up to 6% by volume of carbon dioxide and/or nitrogen.
It may not be obvious that the scatter shown in Figure 1a is caused mainly by the inert gas
concentrations rather than by the combination of hydrocarbon gases.  To clarify this point, let’s
look specifically at the data points for stdρ  in the range of standard sound speed values from

1303 ft/s to 1313 ft/s.  Figure 1b shows 21 data points from Table 1 and one data point from
Table 2 plotted as standard density as a function of total inert concentration.  Data points for
sound speeds between 1303 ft/s and 1307 ft/s are plotted as squares.  Data points for sound
speeds between 1309 ft/s and 1313 ft/s are plotted as circles.  The effect of sound speed on
density can be seen clearly in Figure 1b.  However, a second effect is also present.  For each
sound speed range, the density is proportional to the total inert gas concentration (nitrogen and
methane together).  The data correlation will be improved if the functional dependence on
nitrogen and carbon dioxide concentrations is accounted for explicitly.

As a first approximation, natural gas mixtures at standard pressure and temperature can
be represented by an ideal gas equation of state.

std
std

std

P
RTρ = (1)

where stdρ  = standard density, Pstd = 14.73 psia, R = gas constant, and Tstd = 520ºR.

For an ideal gas, the standard sound speed, Sstd, is related to the gas temperature as:

2
std stdS kRT= (2)

where k = ratio of specific heats.  Combining equations (1) and (2), we obtain

2
std

std
std

kP
S

ρ = (3)

Since the pressure is constant, P = 14.73 psia, we might expect that the standard density
would vary inversely as the square of the standard sound speed.  However, the ratio of specific
heats, k, increases linearly as a function of standard sound speed, as shown in Figure 2.  The
“scatter” of data points at constant values of sound speed in Figure 2 shows that the ratio of
specific heats is also affected by the diluent gas concentration.

An approximate functional form for the standard density as a function of the standard
speed of sound would be:

2/ /std std stdA B S C Sρ = + + (4)

Behring et al. used a similar functional form that is second order in standard sound speed with
good results.

2* *std std stdA B S C Sρ = + + (5)
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Table 1.  Natural gas mixture composition database.

ID# Sstd ρρρρstd MW Hv nitrogen carbon dioxide methane ethane propane i-butane n-butane i-pentane n-pentane n-hexane n-heptane n-octane
(ft/s) lbm/ft3 (Btu/scf) (mole%) (mole%) (mole%) (mole%) (mole%) (mole%) (mole%) (mole%) (mole%) (mole%) (mole%) (mole%)

1 1302.94 0.0511865 19.3241 1136.7 0.4422 1.9285 84.3361 8.8946 3.1919 0.59064 0.39376 0.10950 0.07300 0.0325 0.0061 0.0012
52 1311.63 0.0505531 19.0864 1136.6 1.9285 0.4422 84.3361 8.8946 3.1919 0.59064 0.39376 0.10950 0.07300 0.0325 0.0061 0.0012
2 1411.57 0.0445646 16.8372 1024.9 1.6004 0.2331 95.5340 1.8790 0.4926 0.09066 0.06044 0.03522 0.02348 0.0309 0.0168 0.0034
53 1401.83 0.0451462 17.0559 1025.0 0.2331 1.6004 95.5340 1.8790 0.4926 0.09066 0.06044 0.03522 0.02348 0.0309 0.0168 0.0034
3 1334.70 0.0494356 18.6729 1025.9 5.6769 1.4546 85.1473 5.4174 1.5968 0.30438 0.20292 0.08694 0.05796 0.0391 0.0138 0.0019
54 1309.38 0.0512337 19.3483 1026.1 1.4546 5.6769 85.1473 5.4174 1.5968 0.30438 0.20292 0.08694 0.05796 0.0391 0.0138 0.0019
4 1312.77 0.0505387 19.0814 1122.1 0.6224 1.8643 85.4814 8.0607 2.8624 0.52170 0.34780 0.11346 0.07564 0.0398 0.0096 0.0008
55 1320.16 0.0500096 18.8827 1122.0 1.8643 0.6224 85.4814 8.0607 2.8624 0.52170 0.34780 0.11346 0.07564 0.0398 0.0096 0.0008
5 1328.07 0.0498841 18.8415 1028.6 5.4939 1.8292 84.3931 5.8857 1.6910 0.32742 0.21828 0.06942 0.04628 0.0296 0.0128 0.0033
56 1306.32 0.0514449 19.4277 1028.8 1.8292 5.4929 84.3931 5.8857 1.6910 0.32742 0.21828 0.06942 0.04628 0.0296 0.0128 0.0033
6 1327.69 0.0498922 18.8443 1032.3 5.3551 1.7802 84.4786 5.8782 1.7778 0.34002 0.22668 0.07050 0.04700 0.0309 0.0116 0.0034
57 1306.48 0.0514147 19.4162 1032.5 1.7802 5.3551 84.4786 5.8782 1.7778 0.34002 0.22668 0.07050 0.04700 0.0309 0.0116 0.0034
7 1411.36 0.0445763 16.8416 1025.1 1.6052 0.2339 95.5192 1.8835 0.4933 0.09108 0.06072 0.03546 0.02364 0.0326 0.0176 0.0038
58 1401.59 0.0451596 17.0610 1025.1 0.2339 1.6052 95.5192 1.8835 0.4933 0.09108 0.06072 0.03546 0.02364 0.0326 0.0176 0.0038
8 1303.80 0.0511191 19.2987 1137.6 0.4278 1.8497 84.4678 8.8604 3.1831 0.58008 0.38672 0.11994 0.07996 0.0369 0.0068 0.0008
59 1312.12 0.0505132 19.0713 1137.5 1.8497 0.4278 84.4678 8.8604 3.1831 0.58008 0.38672 0.11994 0.07996 0.0369 0.0068 0.0008
9 1334.86 0.0494259 18.6692 1025.6 5.6760 1.4579 85.1666 5.4022 1.5922 0.30366 0.20244 0.08706 0.05804 0.0385 0.0134 0.0020
60 1309.56 0.0512222 19.3440 1025.8 1.4579 5.6760 85.1666 5.4022 1.5922 0.30366 0.20244 0.08706 0.05804 0.0385 0.0134 0.0020
10 1312.75 0.0505390 19.0814 1122.3 0.6122 1.8630 85.4915 8.0626 2.8576 0.52254 0.34836 0.11412 0.07608 0.0404 0.0100 0.0016
61 1320.20 0.0500061 18.8814 1122.2 1.8630 0.6122 85.4915 8.0626 2.8576 0.52254 0.34836 0.11412 0.07608 0.0404 0.0100 0.0016
15 1411.78 0.0445535 16.8330 1024.7 1.6032 0.2299 95.5480 1.8724 0.4883 0.08982 0.05988 0.03462 0.02308 0.0312 0.0164 0.0032
66 1401.99 0.0451377 17.0527 1024.8 0.2299 1.6032 95.5480 1.8724 0.4883 0.08982 0.05988 0.03462 0.02308 0.0312 0.0164 0.0032
16 1303.45 0.0511445 19.3083 1137.7 0.4293 1.8647 84.4333 8.8669 3.1897 0.58182 0.38788 0.12066 0.08044 0.0377 0.0072 0.0004
67 1311.84 0.0505328 19.0787 1137.6 1.8647 0.4293 84.4333 8.8669 3.1897 0.58182 0.38788 0.12066 0.08044 0.0377 0.0072 0.0004
17 1334.97 0.0494159 18.6655 1026.1 5.6680 1.4349 85.1784 5.4163 1.5962 0.30426 0.20284 0.08706 0.05804 0.0387 0.0131 0.0022
68 1309.58 0.0512186 19.3426 1026.3 1.4349 5.6680 85.1784 5.4163 1.5962 0.30426 0.20284 0.08706 0.05804 0.0387 0.0131 0.0022
18 1312.53 0.0505545 19.0873 1122.4 0.6137 1.8710 85.4620 8.0768 2.8634 0.52272 0.34848 0.11412 0.07608 0.0405 0.0101 0.0011
69 1320.01 0.0500188 18.8861 1122.3 1.8710 0.6137 85.4620 8.0768 2.8634 0.52272 0.34848 0.11412 0.07608 0.0405 0.0101 0.0011
19 1382.00 0.0462233 17.4611 1051.2 2.3535 0.0401 92.2794 3.7252 0.9170 0.26166 0.17444 0.08898 0.05932 0.0654 0.0115 0.0235
70 1366.54 0.0472077 17.8311 1051.3 0.0401 2.3535 92.2794 3.7252 0.9170 0.26166 0.17444 0.08898 0.05932 0.0654 0.0115 0.0235
20 1392.51 0.0456565 17.2485 1034.3 2.6733 0.0402 93.0357 3.1217 0.6420 0.16896 0.11264 0.06930 0.04620 0.0436 0.0229 0.0235
71 1374.59 0.0467768 17.6697 1034.4 0.0402 2.6733 93.0357 3.1217 0.6420 0.16896 0.11264 0.06930 0.04620 0.0436 0.0229 0.0235
21 1377.80 0.0466533 17.6244 1020.7 2.4630 1.5280 90.8251 4.4050 0.6420 0.06774 0.04516 0.01386 0.00924 0.0003 0.0006 0.0000
72 1371.56 0.0470512 17.7739 1020.7 1.5280 2.4630 90.8251 4.4050 0.6420 0.06774 0.04516 0.01386 0.00924 0.0003 0.0006 0.0000
22 1299.09 0.0514480 19.4222 1141.2 0.4040 1.9870 83.9520 9.1380 3.2590 0.59340 0.39560 0.12540 0.08360 0.0473 0.0139 0.0008
73 1308.27 0.0507734 19.1690 1141.1 1.9870 0.4040 83.9520 9.1380 3.2590 0.59340 0.39560 0.12540 0.08360 0.0473 0.0139 0.0008
23 1298.63 0.0514839 19.4357 1140.9 0.4050 2.0270 83.8681 9.1800 3.2790 0.58560 0.39040 0.12294 0.08196 0.0459 0.0136 0.0005
74 1308.03 0.0507926 19.1763 1140.8 2.0270 0.4050 83.8681 9.1800 3.2790 0.58560 0.39040 0.12294 0.08196 0.0459 0.0136 0.0005
24 1298.24 0.0515052 19.4436 1142.9 0.3940 1.9730 83.7500 9.3490 3.3080 0.58080 0.38720 0.11976 0.07984 0.0447 0.0133 0.0004
75 1307.38 0.0508323 19.1910 1142.8 1.9730 0.3940 83.7500 9.3490 3.3080 0.58080 0.38720 0.11976 0.07984 0.0447 0.0133 0.0004
25 1346.30 0.0484706 18.3062 1066.2 1.2630 1.9820 88.9650 5.4550 1.6160 0.30780 0.20520 0.09780 0.06520 0.0310 0.0120 0.0000
76 1350.87 0.0481644 18.1912 1066.2 1.9820 1.2630 88.9650 5.4550 1.6160 0.30780 0.20520 0.09780 0.06520 0.0310 0.0120 0.0000
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Table 1.  Natural gas mixture composition database (continued).

ID# Sstd ρρρρstd MW Hv nitrogen carbon dioxide methane ethane propane i-butane n-butane i-pentane n-pentane n-hexane n-heptane n-octane
(ft/s) lbm/ft3 (Btu/scf) (mole%) (mole%) (mole%) (mole%) (mole%) (mole%) (mole%) (mole%) (mole%) (mole%) (mole%) (mole%)

26 1354.30 0.0481456 18.1869 1021.2 4.1950 1.5730 87.9810 4.8020 0.9080 0.18840 0.12560 0.09300 0.06200 0.0450 0.0260 0.0010
77 1337.77 0.0492617 18.6063 1021.3 1.5730 4.1950 87.9810 4.8020 0.9080 0.18840 0.12560 0.09300 0.06200 0.0450 0.0260 0.0010
27 1386.26 0.0461729 17.4439 1008.4 1.9080 1.9860 92.7220 2.7990 0.3430 0.06180 0.04120 0.06420 0.04280 0.0150 0.0170 0.0000
78 1386.79 0.0461398 17.4314 1008.4 1.9860 1.9080 92.7220 2.7990 0.3430 0.06180 0.04120 0.06420 0.04280 0.0150 0.0170 0.0000
28 1367.09 0.0473409 17.8845 1014.4 5.1240 0.5810 88.8020 4.1500 0.8580 0.17940 0.11960 0.07320 0.04880 0.0400 0.0220 0.0020
79 1338.09 0.0492746 18.6112 1014.6 0.5810 5.1240 88.8020 4.1500 0.8580 0.17940 0.11960 0.07320 0.04880 0.0400 0.0220 0.0020
29 1345.11 0.0487582 18.4179 1020.4 4.9480 1.6030 86.6460 4.9600 1.2440 0.24180 0.16120 0.08640 0.05760 0.0340 0.0170 0.0010
80 1324.52 0.0501823 18.9529 1020.6 1.6030 4.9480 86.6460 4.9600 1.2440 0.24180 0.16120 0.08640 0.05760 0.0340 0.0170 0.0010
30 1296.55 0.0516298 19.4907 1141.1 0.4230 2.1250 84.0050 8.7790 3.2380 0.64740 0.43160 0.16740 0.11160 0.0590 0.0130 0.0000
81 1306.37 0.0509044 19.2184 1141.0 2.1250 0.4230 84.0050 8.7790 3.2380 0.64740 0.43160 0.16740 0.11160 0.0590 0.0130 0.0000
31 1344.10 0.0486669 18.3810 1055.2 2.4750 1.7790 87.9700 5.5520 1.5120 0.29520 0.19680 0.09840 0.06560 0.0360 0.0190 0.0010
82 1339.74 0.0489632 18.4924 1055.2 1.7790 2.4750 87.9700 5.5520 1.5120 0.29520 0.19680 0.09840 0.06560 0.0360 0.0190 0.0010
32 1346.59 0.0487312 18.4086 1005.2 5.5400 1.7960 86.4450 4.7560 0.9140 0.19860 0.13240 0.08580 0.05720 0.0460 0.0260 0.0030
83 1323.54 0.0503251 19.0075 1005.3 1.7960 5.5400 86.4450 4.7560 0.9140 0.19860 0.13240 0.08580 0.05720 0.0460 0.0260 0.0030
33 1386.30 0.0460996 17.4158 1022.6 2.5050 0.9750 92.3210 3.2850 0.5690 0.11100 0.07400 0.06000 0.04000 0.0350 0.0230 0.0020
84 1375.95 0.0467506 17.6605 1022.6 0.9750 2.5050 92.3210 3.2850 0.5690 0.11100 0.07400 0.06000 0.04000 0.0350 0.0230 0.0020
34 1375.63 0.0467867 17.6753 1016.5 4.1230 0.7040 90.4400 3.5110 0.7500 0.17040 0.11360 0.07140 0.04760 0.0410 0.0250 0.0030
85 1353.26 0.0482417 18.2223 1016.7 0.7040 4.1230 90.4400 3.5110 0.7500 0.17040 0.11360 0.07140 0.04760 0.0410 0.0250 0.0030
35 1337.89 0.0489815 18.4978 1079.0 1.0370 2.0360 88.0480 6.2390 1.8390 0.36780 0.24520 0.09120 0.06080 0.0260 0.0080 0.0020
86 1344.14 0.0485561 18.3380 1079.0 2.0360 1.0370 88.0480 6.2390 1.8390 0.36780 0.24520 0.09120 0.06080 0.0260 0.0080 0.0020
38 1311.77 0.0506087 19.1076 1122.6 0.6178 1.9051 85.3453 8.1433 2.8692 0.53850 0.35900 0.10470 0.06980 0.0345 0.0117 0.0011
89 1319.42 0.0500602 18.9017 1122.5 1.9051 0.6178 85.3453 8.1433 2.8692 0.53850 0.35900 0.10470 0.06980 0.0345 0.0117 0.0011
39 1415.05 0.0445340 16.8278 987.2 3.7924 0.2609 94.6077 1.0118 0.2128 0.04572 0.03048 0.01464 0.00976 0.0086 0.0044 0.0008
90 1390.14 0.0460360 17.3928 987.3 0.2609 3.7924 94.6077 1.0118 0.2128 0.04572 0.03048 0.01464 0.00976 0.0086 0.0044 0.0008
40 1436.21 0.0432094 16.3285 1013.1 0.9015 0.0668 98.2722 0.5159 0.1607 0.03552 0.02368 0.00942 0.00628 0.0055 0.0016 0.0009
91 1429.95 0.0435644 16.4604 1013.1 0.0668 0.9015 98.2722 0.5159 0.1607 0.03552 0.02368 0.00942 0.00628 0.0055 0.0016 0.0009
41 1313.72 0.0504571 19.0503 1126.0 0.4313 1.7708 85.4560 8.4983 2.7421 0.53706 0.35804 0.10038 0.06692 0.0315 0.0068 0.0008
92 1321.72 0.0498864 18.8360 1125.9 1.7708 0.4313 85.4560 8.4983 2.7421 0.53706 0.35804 0.10038 0.06692 0.0315 0.0068 0.0008
44 1328.09 0.0498658 18.8344 1032.1 5.3452 1.7745 84.5143 5.8831 1.7596 0.33582 0.22388 0.07044 0.04696 0.0309 0.0119 0.0034
95 1306.88 0.0513865 19.4056 1032.3 1.7745 5.3452 84.5143 5.8831 1.7596 0.33582 0.22388 0.07044 0.04696 0.0309 0.0119 0.0034
45 1327.85 0.0498985 18.8469 1028.8 5.4952 1.8318 84.3746 5.8795 1.7111 0.32880 0.21920 0.06906 0.04604 0.0297 0.0117 0.0033
96 1306.12 0.0514588 19.4330 1029.0 1.8318 5.4952 84.3746 5.8795 1.7111 0.32880 0.21920 0.06906 0.04604 0.0297 0.0117 0.0033
46 1324.52 0.0497726 18.7938 1110.0 0.9617 1.5021 85.9284 8.4563 2.3022 0.41910 0.27940 0.07308 0.04872 0.0228 0.0057 0.0005
97 1327.80 0.0495424 18.7073 1110.0 1.5021 0.9617 85.9284 8.4563 2.3022 0.41910 0.27940 0.07308 0.04872 0.0228 0.0057 0.0005
47 1303.11 0.0511733 19.3191 1136.9 0.4264 1.9201 84.3789 8.8749 3.1776 0.60132 0.40088 0.10872 0.07248 0.0310 0.0065 0.0012
98 1311.83 0.0505367 19.0802 1136.8 1.9201 0.4264 84.3789 8.8749 3.1776 0.60132 0.40088 0.10872 0.07248 0.0310 0.0065 0.0012
48 1341.09 0.0487764 18.4208 1076.7 1.2010 1.8560 88.2210 6.1190 1.8840 0.35340 0.23560 0.05580 0.03720 0.0230 0.0130 0.0010
99 1345.21 0.0484975 18.3160 1076.7 1.8560 1.2010 88.2210 6.1190 1.8840 0.35340 0.23560 0.05580 0.03720 0.0230 0.0130 0.0010
49 1295.14 0.0517027 19.5175 1151.1 0.3407 1.8816 83.4187 9.5284 3.5694 0.62190 0.41460 0.10968 0.07312 0.0327 0.0081 0.0011

100 1304.00 0.0510459 19.2710 1150.1 1.8816 0.3407 83.4187 9.5284 3.5694 0.62190 0.41460 0.10968 0.07312 0.0327 0.0081 0.0011
50 1333.21 0.0495504 18.7162 1024.3 5.9990 1.3984 84.4872 5.9271 1.5364 0.30534 0.20356 0.06342 0.04228 0.0251 0.0101 0.0021

101 1305.78 0.0515096 19.4522 1024.5 1.3984 5.9990 84.4872 5.9271 1.5364 0.30534 0.20356 0.06342 0.04228 0.0251 0.0101 0.0021
51 1379.30 0.0463119 17.4935 1068.6 1.4200 0.0330 93.3240 1.7800 3.2000 0.08700 0.05800 0.02520 0.01680 0.0560 0.0000 0.0000

102 1370.01 0.0469022 17.7154 1068.7 0.0330 1.4200 93.3240 1.7800 3.2000 0.08700 0.05800 0.02520 0.01680 0.0560 0.0000 0.0000
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Speed of Sound at Standard Conditions [ft/sec]
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* 86 different database gas compositions
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Figure 2.  Specific heat ratio for natural gas mixtures at standard conditions
as a function of speed of sound.

To help in determining values of the coefficients in equation (5), Behring et al. used the
natural gas mixture database developed by Starling et al. to form a set of 102 gas mixture
compositions that appears in Appendix A in the Tasks A and B DOE final report.  As Figure 1b
suggests, the coefficients in equation (5) will be functions of the diluent gas concentrations.

A close inspection of the set of 102 gas mixture compositions used by Behring et al.
showed that 16 of the 102 compositions were duplicated inadvertently.  Only 86 of the 102
mixture compositions are unique.  Further investigation showed that several of the 86 mixture
compositions vary only slightly from one another.  In fact, the distribution of values for the
standard heating value is strongly bimodal as shown below.  The overweighting of gas mixture
samples means that the least-square-error regression fit described in the next section can be
expected to give better results in these two regions than in the other three regions.

985 – 1005
Btu/SCF

1005 – 1035
Btu/SCF

1035 – 1115
Btu/SCF

1115 – 1145
Btu/SCF

1145 – 1155
Btu/SCF

2 samples 42 samples 14 samples 26 samples 2 samples

The reduced database of 86 different natural gas mixture compositions is shown in
Table 1 of this report.  Four new columns were added to supplement the columns that list the
mole fraction composition.  The new columns show the values of standard sound speed, standard
density, molecular weight, and volumetric heating value for each natural gas mixture.  The
values of standard sound speed and standard density were calculated using Lomic SonicWare.
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The values of molecular weight and volumetric heating value were calculated using
standard methods and the physical constant data in GPA Standard 2145 (GPA, 1994).

2.1 Regression Correlation for Standard Density

Behring et al. developed the following regression correlation for standard density:

2* *std std stdA B S C Sρ = + + (6)

where

0 1 2 2 2* *N COA A A X A X= + +

0 1 2 2 2* *N COB B B X B X= + +

0 1 2 2 2* *N COC C C X C X= + +

Here, XCO2 is the mole fraction concentration of carbon dioxide, and XN2 is the mole fraction
concentration of nitrogen.  Values for the nine unknown coefficients were calculated by least-
square-error regression fit to the data, values of stdρ , Sstd, XN2, and XCO2 for the 102 gas mixtures

in the data set.  The values reported by Behring et al. are:

0 0.2395147A = , 4
1 7.067074A e−= , 3

2 2.334917A e−=
4

0 2.228333B e−= − , 7
1 9.87042B e−= − , 6

2 3.35135B e−= −
8

0 5.99480C e−= , 10
1 3.81330C e−= , 9

2 1.26106C e−=

Regression residuals for stdρ are plotted in Figure 3a versus gas ID number, and in Figure

3b versus stdρ .  The residuals for each gas mixture are computed as the calculated value minus

the actual value, expressed as a percentage of the actual value.  As shown in Figure 3a, the
magnitudes of the residuals are of the order of 0.02% or less for each gas mixture.  This implies
that the correlation between the model, equation (6), and the data is approaching 1.0, and the
root-mean-square error is approaching zero.  Figure 3b shows that the gas mixture database is
over-weighted towards higher values of standard density.  Figure 1a also had more points
concentrated at higher values of the standard density and lower values of the standard sound
speed.

2.2 Alternate Approach to Calculating Standard Density

Our goal is to develop a modified procedure for calculating gas mixture density for
arbitrary values of pressure and temperature.  A least-square-error regression fit to 102 gas
mixtures isn’t practical at the infinite number of combinations of pressure and temperature.
However, equation (6), which arose from the regression fit to 102 gas mixtures, is a quadratic
model with linear corrections for diluent concentrations.  The number of empirical coefficients
that must be determined from data is exactly nine regardless of whether they are determined
from a least-square-error regression fit to 102 gas mixtures or from an exact fit to a subset of
nine gas mixtures.  Since Figure 3b shows very low values of correlation residuals over the entire
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* 86 different database gas compositions
* Inferential variables: Sstd, XCO2, XN2

* Standard conditions: 60 oF and 14.73 psia

Figure 3a.  Correlation residuals for the standard density, stdρ ,
as a function of natural gas composition ID number.

ρstd, Natural Gas Density at Standard Temperature & Pressure [lbm/scf]
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Figure 3b.  Correlation residuals for the standard density, stdρ ,
as a function of natural gas standard density.
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range of standard density, let’s see whether we can achieve the same results with an exact fit to
data from only nine gas mixtures.  The strategy to be followed is outlined below.

1. Identify three reference gas mixtures with 0% carbon dioxide and 0% nitrogen that will cover
the full range of interest for standard heating value, molecular weight, and standard density.

2. For each of the three reference gas mixtures, reduce the hydrocarbon mixture concentration
from 100% to 94% and add in 2% carbon dioxide and 4% nitrogen.

3. Repeat step 2, but delete the 2% carbon dioxide and 4% nitrogen, and add in 4% carbon
dioxide and 2% nitrogen.  We now have the nine reference gas mixtures.

4. Calculate the values of molecular weight for each of the nine reference gas mixtures.

5. Since values of density and sound speed are needed for arbitrary pressure and pressure, use
an equation of state, such as the Lomic SonicWare computer program or the GRI Extended
Thermodynamic Properties Computer Program developed by Savidge (1989) to calculate
these properties for the nine reference gas mixtures at increments of temperature and
pressure.  The detailed composition method is used to calculate properties for each of the
nine reference gas mixtures.

6. Develop cubic-spline fit approximations for the sound speed as a function of temperature and
pressure, and for the density as a function of pressure and temperature for each of the nine
reference gas mixtures. The cubic-spline fit “models” the response of the detailed equation of
state for the reference gas mixture. Once the cubic-spline fit approximations have been
developed for each of the nine reference gas mixtures, the detailed equation of state is no
longer used.

7. For the measured values of pressure and temperature, use the cubic-spline fit approximations
to calculate values of density and sound speed for each of the nine reference gas mixtures.

8. Use the calculated values of density and sound speed for the nine reference gas mixtures to
determine the nine coefficients in equation (11) in Section 3.0.

9. Use the calculated values of sound speed and the values of molecular weight calculated in
step 4 to determine the nine coefficients in equation (13) in Section 3.5.

10. Use the sound speed value measured by an ultrasonic sensor for the gas mixture of unknown
composition to calculate the mixture gas density from equation (11), and the mixture
molecular weight from equation (13).

These steps will be described below in greater detail.

Table 2 lists the physical properties and composition of nine reference gas mixtures
covering a slightly larger range of standard density and standard sound speed than the 82 distinct
gas mixtures listed in Table 1.  (The reference gas mixtures are based upon, but are different
than, gas ID numbers 40, 26 and 49 from Table 1.)  The first three reference gas mixtures,
labeled 40_00_00, 26_00_00 and 49_00_00, are formed by rebalancing the hydrocarbon gas and
diluent concentrations to force the carbon dioxide and nitrogen concentrations to 0%.  Three
more reference gas mixtures, labeled 40_02_04, 26_02_04 and 49_02_04, were formed by
reducing the hydrocarbon concentrations by a factor of 0.94 and adding 2% carbon dioxide and
4% nitrogen.  Finally the last three reference gas mixtures, labeled 40_04_02, 26_04_02 and
49_04_02, were formed by swapping the carbon dioxide and nitrogen concentrations.
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Table 2.  Database of nine reference natural gas compositions.

ID# 40_00_00 40_02_04 40_04_02 26_00_00 26_02_04 26_04_02 49_00_00 49_02_04 49_04_02
Sstd (ft/s) 1441.37 1399.16 1385.36 1385.91 1350.75 1338.19 1311.74 1285.18 1274.19

ρρρρ std (lbm/ft3) 0.042879 0.045599 0.04645 0.04585 0.048393 0.049244 0.050375 0.052646 0.053499

MW 16.2018 17.2304 17.5504 17.3184 18.2800 18.6000 19.0165 19.8763 20.1962
Hv (Btu/SCF) 1023.0 961.5 961.6 1083.8 1018.7 1018.8 1176.3 1105.6 1105.7
nitrogen (%) 0.0000 4.0000 2.0000 0.0000 4.0000 2.0000 0.0000 4.0000 2.0000

carbon dioxide (%) 0.0000 2.0000 4.0000 0.0000 2.0000 4.0000 0.0000 2.0000 4.0000
methane (%) 99.2331 93.2791 93.2791 93.3664 87.7644 87.7644 85.3147 80.1958 80.1958

ethane (%) 0.5209 0.4897 0.4897 5.0959 4.7902 4.7902 9.7450 9.1603 9.1603
propane (%) 0.1623 0.1525 0.1525 0.9636 0.9058 0.9058 3.6505 3.4315 3.4315
i-butane (%) 0.0359 0.0337 0.0337 0.1999 0.1879 0.1879 0.636 0.5979 0.5979

n-butane (%) 0.0239 0.0225 0.0225 0.1333 0.1253 0.1253 0.424 0.3986 0.3986
i-pentane (%) 0.00951 0.00894 0.00894 0.09869 0.09277 0.09277 0.11217 0.10544 0.10544

n-pentane (%) 0.00634 0.00596 0.00596 0.0658 0.06185 0.06185 0.07478 0.07029 0.07029
n-hexane (%) 0.0056 0.0052 0.0052 0.0478 0.0449 0.0449 0.0334 0.0314 0.0314

n-heptane (%) 0.0016 0.0152 0.0152 0.0276 0.0259 0.0259 0.0083 0.0078 0.0078
n-octane (%) 0.0009 0.0009 0.0009 0.0011 0.001 0.001 0.0011 0.0011 0.0011

We will assume a functional form for a model equation similar to equation (4).

( )2 2 2* 1 * *std CO N
std std

B C
A D X E XS S

ρ ρ
ρ ρ ρρ  = + + + + 

 
(7)

where

32
21

std std

DDD D S Sρ = + +

32
21

std std

EEE E S Sρ = + +

The first three coefficients of the model equation are calculated using the values of stdρ and Sstd

for reference gas mixtures 40_00_00, 29_00_00 and 49_00_00.  The other six coefficients are
calculated by solving a set of six simultaneous equations using values of stdρ and Sstd for

reference gas mixtures 40_02_04, 40_04_02, 29_02_04, 29_04_02, 49_02_04 and 49_04_02.
The calculated coefficient values are:

32.96476A eρ
−= − , 12.67159B eρ = , 45.67358C eρ =

2
1 1.24381D e−= , 1

2 2.13555D e= − , 4
3 1.02455D e=

3
1 7.03503E e−= , 1

2 1.12843E e= − , 3
3 4.95709E e=

Let’s compare model equation (7) to the database of 86 natural gas mixtures from
Table 1.  Model equation (7) fits the density values for the 86 natural gas mixtures nearly as well
as the least-square-error regression equation (6).  The model equation fits the database values for

stdρ with a mean error of +0.007% and a standard deviation of 0.013%.  The 95% confidence

interval extends from -0.020% to +0.034% as shown in Figure 4.
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ρstd, Natural Gas Density at Standard Temperature & Pressure [lbm/scf]
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* Inferential variables: Sstd, XCO2, XN2

* Standard conditions: 60 oF and 14.73 psia
Nine reference gas mixtures
Database of 86 different gas compositions

+ 0.034%

- 0.020%

Figure 4.  Residuals for the standard density, stdρ , calculated from an exact fit
to nine reference natural gas mixtures as a function of natural gas standard density.

2.3 Regression Correlation for Molecular Weight

Behring et al. reported the following correlation for molecular weight:

2* *std stdMW A B S C S= + + (8)

where

0 1 2 2 2* *N COA A A X A X= + +

0 1 2 2 2* *N COB B B X B X= + +

0 1 2 2 2* *N COC C C X C X= + +

The values for the nine regression coefficients were determined by least-square-error regression
fit to values of MW and Sstd for the set of 102 natural gas mixtures.  The coefficient values
reported by Behring et al. are:

0 89.59987A = , 1 0.2595616A = , 2 0.8420112A =

0 0.08303539B = − , 4
1 3.57614B e−= − , 3

2 1.20199B e−= −
5

0 2.22787C e−= , 7
1 1.37342C e−= , 7

2 4.51462C e−=

The regression fit residuals for MW are plotted in Figure 5a versus gas ID number, and in
Figure 5b versus MW.  As shown in Figure 5a, the magnitude of the correlation residuals is of the
order of 0.02% or less for each gas mixture.



16   GRI Report No. 00/0123

Natural Gas Composition ID

0 10 20 30 40 50 60 70 80 90 100

M
W

 C
o

rr
e

la
tio

n
 R

e
si

d
u

a
ls

 [
%

]

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

* 86 different database gas compositions
* Inferential variables: Sstd, XCO2, XN2

Figure 5a.  Correlation residuals for the molecular weight, MW,
as a function of the natural gas composition ID number.

MW, Natural Gas Molecular Weight [lbm/lbmole]

16.5 17.0 17.5 18.0 18.5 19.0 19.5

M
W

 C
o

rr
e

la
tio

n
 R

e
si

d
u

a
ls

 [
%

]

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

0.5
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Figure 5b.  Correlation residuals for the molecular weight, MW,
as a function of the molecular weight of the natural gas mixtures.
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2.4 Alternate Approach to Calculating Molecular Weight

It is useful to have a procedure for calculating the molecular weight of a natural gas
mixture as a function of sound speed and diluent concentrations based on an exact fit to the nine
reference gas mixtures.  In this section, we will demonstrate the procedure using values of the
standard sound speed.  However, the method can be used at any temperature and pressure if the
sound speed values at those conditions are known for the nine reference gas mixtures.

We will assume a functional form similar to equation (7), with MW replacing stdρ .

( )2 2 2* 1 * *MW MW
MW MW CO MW N

std std

B CMW A D X E XS S
 = + + + + 
 

(9)

where

2 3
21

MW MW
MW MW

std std

D DD D S S
= + +

2 3
21

MW MW
MW MW

std std

E EE E S S
= + +

Table 2 gives the values of MW, Sstd, carbon dioxide and nitrogen concentration for the
nine reference gas mixtures.  A spreadsheet was used to calculate values of the nine coefficients:

1.45902MWA = − , 41.12609MWB e= , 72.04601MWC e=
2

1 1.13286MWD e−= , 1
2 1.83504MWD e= − , 3

3 8.31724MWD e=
3

1 7.50343MWE e−= , 1
2 1.25503MWE e= − , 3

3 5.91045MWE e= .

Model equation (9), an exact fit to molecular weight and standard sound speed data for nine
reference gas mixtures, provides nearly as good a fit to the 86 different gas mixtures as
regression equation (8), which used the complete database of 102 gas mixtures to calculate the
regression coefficients.  The mean error for equation (9) applied to the 86 natural gas mixtures in
Table 1 is +0.007% and the standard deviation is 0.013%.  The 95% confidence interval extends
from –0.019% to +0.032% as shown in Figure 6.

2.5 Regression Correlation for Mass-Based Heating Value

Behring et al (1999) reported the following correlation for the mixture heating value per
unit mass, Hm.

* HC
m

A B MW
H

MW

+ =   
(10)

where MWHC is the hydrocarbon molecular weight, defined as
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MW, Natural Gas Molecular Weight [lbm/lbmole]
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* Standard conditions: 60 oF and 14.73 psia
Nine reference gas mixtures
Database of 86 different gas compositions

+ 0.032%

- 0.019%

Figure 6.  Residuals for the mixture molecular weight, MW, calculated from an exact fit
to nine reference gas mixtures as a function of mixture molecular weight.

2 2*44.010 *28.0134
100 100

CO N
HC

X X
MW MW    = − −      

, and

0 1 * stdB B B S= +

1 2 3 2 4 2* *N COB B B X B X= + +

This set of equations has five coefficients that were determined by least-square-error regression
fit to the 102 natural gas mixtures.  The regression coefficient values reported by Behring et al.
are:

54,343.048A = , 0 20, 442.406B =

2 0.04552871B = , 3 0.02523803B = − , 4 0.02568212B = −

The regression fit residuals for mass-based heating value are plotted in Figures 7a and Figure 7b.
The magnitude of the correlation residuals is of the order of 0.02%.

Figure 8 shows the values of Hm plotted against Sstd for all 86 gas mixtures in Table 1.
The values of Hm vary by approximately 15%, from about 23,500 Btu/lbm to less than 20,000
Btu/lbm.  Values of Hm were calculated using equation (10) and the values of Sstd from Table 2
for reference gas compositions 40_00_00, 26_00_00 and 49_00_00.  Figure 8 shows that these
values, for hydrocarbon gas mixtures with 0 mole% diluents, lie above the values of Hm for the
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Figure 7a.  Correlation residuals for the mass-based heating value, Hm,
as a function of the natural gas composition ID number.
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Figure 7b.  Correlation residuals for the mass-based heating value, Hm,
as a function of the mass-based heating value of the natural gas mixture.
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Figure 8.  Mass-based heating value as a function of standard sound speed.

86 natural gas mixtures with diluents.  Note also the small change in heating value with standard
sound speed.  Most of the data scatter in Figure 8 is caused by different concentrations of carbon
dioxide and/or nitrogen.  To demonstrate this point, values of Hm were calculated for reference
gas compositions 40_04_02, 26_04_02 and 49_04_02.  Figure 8 shows that these values are
nearly independent of sound speed, and are displaced downwards and to the left of the values for
the reference gas mixtures 40_00_00, 26_00_00 and 49_00_00 without diluents.

Equation (10), the correlation for mass-based heating value, Hm, does not need to be
modified.  However, while the values of carbon dioxide and nitrogen concentrations are assumed
to be known or measured, the value of the standard sound speed is unknown.  Behring et al.
proposed that the sound speed be measured at standard temperature and pressure.  However, if
the gas mixture molecular weight, MW, is known through measurements at another combination
of pressure and temperature, then either equation (8) or equation (9) can be used to calculate Sstd.

The new computational procedure developed on this project is to determine the gas
mixture molecular weight, MW, from a correlation similar to equation (9), but based on sound
speed values for the nine reference gas mixtures at temperature and pressure conditions that are
different from standard temperature and pressure.  Because the gas mixture molecular weight is a
chemical property, it is independent of pressure and temperature.  Assuming that condensation of
vapor into liquid does not occur, the value of MW calculated at arbitrary pressure and
temperature conditions is the same as the value at standard pressure and temperature.

Let’s assume that a value of MW has been determined experimentally from the value of
sound speed measured at pipeline conditions.  Since the model equation coefficients have already
been calculated for equation (9), this equation can be used to solve for Sstd in terms of the
experimentally determined value of MW and the values of XCO2 and XN2.  Since the sound speed
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appears in the equations for DMW and EMW, it is easiest to solve equation (9) iteratively.  On the
first iteration, the diluent correction term (1 + DMW * XCO2 + EMW * XN2) is omitted and the
quadratic equation is solved for Sstd.  Although there are two roots to the quadratic equation for
Sstd, only one root is a physically realistic value.  This value of Sstd is then used to calculate
values of DMW and EMW.  On the second iteration, the diluent correction term is included and a
new value of Sstd is calculated from the quadratic equation.  The new value of Sstd is used to
update the estimate of the diluent correction term, and the procedure is repeated until new and
old values of Sstd are within 0.01 ft/sec. of each other.  The converged value of Sstd is used to
calculate the value of mass-based heating value, Hm.  It is also used to calculate the value of
standard density, stdρ , using either equation (6) or equation (7).

2.6 Calculation of Standard Volumetric Heating Value

Behring et al. found that a separate regression correlation equation for the standard
volumetric heating value, Hv, was unnecessary.  Hv is calculated simply as the product of the
mass-based heating value, Hm, and the standard density, stdρ .  Therefore, using equation (6) and

its coefficients for the standard density, stdρ , and equation (10) and its coefficients for the mass-

based heating value, Hm, values of the standard volumetric heating value, Hv, can be calculated
as a function of the standard sound speed, Sstd, the mole fraction of carbon dioxide, XCO2, and the
mole fraction of nitrogen, XN2.  The regression fit residuals for the standard volumetric heating
value are plotted in Figure 9a and Figure 9b.

As an alternative, we may use the model equation (7) for standard density, stdρ , and

regression equation (10) for the mass-based heating value, Hm.  Since equation (10) requires the
value of molecular weight, MW, we may also require that model equation (9) be used to calculate
MW.

Figure 10 shows the results of using model equations (7) and (9) together with equation
(10) to calculate the standard volumetric heating value as the product of Hv = stdρ * Hm.  For the

database of 86 different natural gas compositions, the mean error is +0.013% and the standard
deviation is 0.016%.  The 95% confidence interval extends from +0.045% to –0.019%.
Expressed as an interval around the value of standard volumetric heating value, the 95%
confidence interval is from +0.48 Btu/SCF to –0.20 Btu/SCF around the indicated value.
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Figure 9a.  Correlation residuals for the standard volumetric heating value, Hv,
as a function of the natural gas composition ID number.
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Figure 10.  Residuals for the standard volumetric heating value, Hv, calculated using

stdρ  and MW values calculated from the nine reference gas mixture equations.
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3.0 Extension to Arbitrary Pressure and Temperature

Behring et al. (1999) showed that the standard sound speed, Sstd, together with the carbon
dioxide concentration, XCO2, and the nitrogen concentration, XN2, could be used as input variables
for the Gross Characterization method of the AGA 8 (1994) density equation of state. The
natural gas density at pipeline conditions, which is needed to calculate the energy flow rate for
all meters except those that measure mass flow rate, would be calculated by specifying Sstd, XCO2,
XN2, pipeline static pressure, P, and pipeline static temperature, T.

One disadvantage of the method described by Behring et al. is that the speed of sound
must be measured at standard pressure, Pstd = 14.73 psia, and at standard temperature,
Tstd = 60°F.  Single-path and multipath ultrasonic flow meters provide a measured value of the
speed of sound in the flowing gas at pipeline pressure and temperature.  Unfortunately, there was
no way to relate this measured value to the standard sound speed.

In the previous section we showed that the standard density, stdρ , could be modeled

successfully by equation (7) as a function of Sstd, XCO2, and XN2.  We will extend our model
equation (7) to arbitrary pressure and temperature as:

( )2 2 2* 1 * *calc CO N

B C
A D X E XS S

ρ ρ
ρ ρ ρρ  = + + + +  

32
21

DDD D S Sρ = + +

32
21

EEE E S Sρ = + +

(11)

where calcρ and S are the density and sound speed at the pipeline temperature and pressure.

The nine coefficients in equation (11) are functions of the temperature and pressure.
However, the coefficients can be calculated for a specific combination of pressure and
temperature if the values of density and sound speed are known for the nine reference gases
whose compositions are given in Table 2.

3.1 Numerical Example for Amarillo Gas

We will demonstrate the use of equation (11) to calculate the density at pipeline
conditions for Amarillo gas, one of the six reference gas compositions used in AGA Report
No. 8 (1994), and furnished as a reference gas in Lomic SonicWare® (1997).  Amarillo gas is
composed of 90.6724% methane, 4.5279% ethane, 0.8280% propane, 0.1037% i-butane,
0.1563% n-butane, 0.0321% i-pentane, 0.0443% n-pentane, 0.0393% n-hexane, 3.1284%
nitrogen, and 0.4676% carbon dioxide.  Let’s assume that we want to calculate the density at a
pressure of 930 psia and a temperature of 75oF.  Lomic SonicWare gives a value of sound speed,
S, of 1,346.03 ft/sec and a value of density, ρ , of 3.24335 lbm/ft3 for Amarillo gas at this
temperature and pressure.

The first step is to calculate the values of ρ  and S for the nine reference gas mixtures in
Table 2 for a pressure of 930 psia and a temperature of 75oF.  SonicWare was used for these
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reference gas calculations with the compositions listed in Table 2.  The results for density, ρ ,
and sound speed, S, are listed in Table 3 below.

Table 3.  Reference gas properties at 930 psia and 75°F.

Gas ID N2 (%) CO2 (%) ρ (lbm/ft3) S (ft/sec)

40_00_00 0.0000 0.0000 2.94372 1418.84

26_00_00 0.0000 0.0000 3.22370 1346.06

49_00_00 0.0000 0.0000 3.69687 1244.22

40_02_04 4.0000 2.0000 3.11875 1381.02

40_04_02 2.0000 4.0000 3.19675 1362.36

26_02_04 4.0000 2.0000 3.38267 1317.05

26_04_02 2.0000 4.0000 3.46614 1299.44

49_02_04 4.0000 2.0000 3.82503 1226.68

49_04_02 2.0000 4.0000 3.91975 1210.21

Amarillo gas 3.1284 0.4676 3.24335 1346.03

When the values of ρ , S, XCO2, and XN2 are inserted into equation (11) for the nine
reference gases, we have a system of nine algebraic equations and nine unknown coefficients.
For this example, values of the unknown coefficients were calculated using matrix operations
within a spreadsheet.  Coefficient values are:

26.76349A eρ
−= , 29.82126B eρ = , 64.39636C eρ =

2
1 1.63933D e−= , 1

2 3.12772D e= − , 4
3 1.65121D e=

3
1 6.68038E e−= , 1

2 1.08333E e= − , 3
3 5.31502E e=

Using these coefficient values in equation (11), together with the values of S, XCO2, and XN2 listed
in Table 3 for Amarillo gas gives a value for the gas density of ρ = 3.24303 lbm/ft3.  This value
is 0.010% lower than the value listed in Table 3 and calculated by SonicWare, using the detailed
composition method.

3.2 Generating a Reference Gas Data Base

To solve the numerical example for Amarillo gas, we used the detailed composition
method in Lomic SonicWare to calculate values of gas density and sound speed for each of the
nine reference gases at the actual pipeline pressure and temperature.  For online energy meter
operation, these values are calculated in advance and stored in computer memory.  Since it is not
feasible to perform calculations for every possible combination of pressure and temperature, a
matrix of pressure and temperature values was selected and Lomic SonicWare was used to
perform the calculations for these values.  In general, the actual pipeline pressure and/or
temperature will lie between the values used in the calculations. In this event, cubic-spline
interpolation is used to estimate values of density and sound speed from the calculated values.



GRI Report No. 00/0123   27

Let’s see how this works for Gas ID#26_00_00, one of the nine reference gas mixtures.
The detailed gas composition (listed in Table 2) was input into Lomic SonicWare, and physical
properties (speed of sound, density, molar specific heats, ratio of specific heats, and viscosity)
were calculated for different combinations of pressure and temperature.  Lomic SonicWare
permits holding the pressure constant, and varying the temperature in fixed increments between
an upper and lower limit.  Properties were calculated for temperatures between 20oF and 150oF
in steps of 10oF for pressure values of 14.73 psia, 50 psia, and from 100 psia to 1400 psia in
increments of 100 psia.

Figure 11a shows the variation of gas mixture density, ρ , as a function of pressure and
temperature.  For clarity, calculated values are not plotted for some isotherms. Figure 11b shows
the variation of sound speed, S, as a function of pressure and temperature.  Again, calculated
values for some isotherms are left off the plot for clarity.  The density and sound speed vary
smoothly as a function of pressure and temperature with no visible discontinuities.  The same
observation is true for the other eight reference gases.  Therefore, it should be possible to use
cubic-spline interpolation to calculate intermediate values with good results.

3.3 Cubic-Spline Interpolation

Ferziger (1981) writes that cubic-spline interpolation produces a smooth curve similar to
that drawn by a draftsman.  The term “spline” relates to a draftsman’s spline, a thin flexible rod
that can be bent to fit through given data points on a graph.  A cubic-spline has three properties.

1. The curve is piecewise cubic; the polynomial coefficients are different on each interval.

2. The curve passes through the given data exactly.

3. The first and second derivatives are continuous at the node points.

Let’s represent the cubic-spline function as y = ƒi (x) over the “ith” interval, xi ≤ x ≤ xi+1.
Following Ferziger, the cubic-spline function can be written as:

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
3 3

1
1 16 6 6

i i i i
i i i i i

i i i

x x x x f x
f x f x f x f x x x+

+ +

− −  ∆′′ ′′ ′′= + + − − ∆ ∆ ∆ 

( ) ( ) ( )1
1

6
i i

i i
i

f x
f x x x+

+

 ∆ ′′+ − − ∆ 

(12)

In this equation, the symbol ƒ" represents the second derivative of ƒi (x) with respect to x , and

( )1i i ix x+∆ = −  is the length of the ith interval.

Ferziger presents sample FORTRAN computer programs for computing a cubic-spline fit
to input data, yi = ƒ(xi) in one-dimension.  The cubic polynomial coefficients in equation (12) for
each interval are determined by requiring (1) that the first derivatives, ƒ', be continuous at
x2 ≤  xi ≤  xn–1, and (2) that the second derivatives, ƒ", be specified at the end points, x1 and xn.
Following Ferziger, we shall use a cantilever end condition and set 1 2f f′′ ′′=  and 1n nf f −′′ ′′= .  These

conditions lead to a tri-diagonal set of algebraic equations for the values of the second
derivatives at each point that are solved by standard matrix operation methods.
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Figure 11a.  Variation of gas mixture density, ρ , as a function of pressure
and temperature for reference gas 26_00_00.
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A one-dimensional cubic-spline fit, y = ƒ (x), allows us to fit the sound speed or the gas
mixture density as a function of pressure for constant values of temperature.  However, we need
cubic-spline curve fits for sound speed or density as a function of both independent variables,
temperature and pressure.  Ferziger recommends a procedure to follow for multi-dimensional
cubic-spline interpolation. The first step is to calculate cubic-spline fits for density or sound
speed as a function of pressure while holding the values of temperature constant.  Then, for each
value of pressure, Pi, the values of the second derivatives, 2 2f d f dP′′ = , are known for several
values of temperature, Tj.  These second derivatives are now considered to be functions of
temperature for each of the Pi, and a cubic-spline fit is calculated for the second derivatives as a
function of temperature.  Since the temperature and pressure are known, we can determine the
intervals, Tj ≤  T ≤  Tj+1, and Pi ≤  P ≤  Pi+1 in which the temperature and pressure are contained.
The cubic-spline fit for ƒ" is evaluated to give ƒ"(Pi ,T) and ƒ"(Pi+1,T).  Now, the values of ƒ" are
used in the interval Pi ≤  P ≤  Pi+1 to calculate the value of f (P,T).

Table 4 compares interpolated values of sound speed, Si, and gas mixture density, iρ , for

a pressure of 950 psia and temperature of 35oF with values calculated by Lomic SonicWare.  The
magnitude of the interpolation error is of the order of 0.01% or less for all nine of the reference
gas mixtures.

Table 4.  Comparison of interpolated and calculated values of sound speed and density
at 950 psia and 35°F for the nine reference gas mixtures.

Gas ID Si (ft/s) Scal (ft/s) % error iρ (lbm/ft3) calρ (lbm/ft3) % error

40_00_00 1342.69 1342.81 -0.009 3.41480 3.41445 0.010

26_00_00 1268.47 1268.48 -0.001 3.78178 3.78176 0.001

49_00_00 1162.94 1162.93 0.001 4.44055 4.44068 -0.003

26_02_04 1242.64 1242.62 0.002 3.95780 3.95779 0.000

26_04_02 1224.24 1224.21 0.002 4.06903 4.06902 0.000

40_02_04 1307.93 1307.94 -0.001 3.61222 3.61224 -0.001

40_04_02 1288.70 1288.70 0.000 3.71258 3.71260 -0.001

49_02_04 1149.13 1149.13 0.000 4.56842 4.56849 -0.002

49_04_02 1131.42 1131.42 0.000 4.70464 4.70473 -0.002

3.4 Calculation of Gas Mixture Density

As a further example, let’s use equation (11) to calculate the gas mixture density at a
pressure of 950 psia and a temperature of 65°F.  These values are reasonable choices for pipeline
transportation of natural gas.  The values of density and sound speed for the nine reference gases
were calculated by cubic-spline interpolation from the database of values as a function of
pressure and temperature.  Then, the nine coefficients in equation (11) were calculated from the
nine interpolated values of gas mixture density and sound speed.
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For this example, we’ve selected eight natural gas mixtures.  The first five gas mixtures
(Amarillo gas, Gulf Coast gas, Ekofisk gas, High CO2 & N2, and High N2) are also used as
example mixtures in AGA Report No. 8 and in the Lomic SonicWare computer code.  The sixth
gas mixture is pure methane.  The seventh and eighth gas mixtures are taken from the set of 86
gas mixtures listed in Table 1.  Gas ID#39 and 49 were selected because they had the lowest and
highest values of standard heating value, Hv.  Detailed compositions for all eight gas mixtures are
listed in Table 5.  Lomic SonicWare was used to calculate the value of sound speed, S, and gas
mixture density, ρ , at a pressure of 950 psia and temperature of 65oF.  Values of standard sound

speed, Sstd, and standard density, stdρ , were also calculated using Lomic SonicWare.  These

values are listed in Table 5 together with values of the molecular weight, MW, the mass-based
heating value, Hm, and the standard volumetric heating value, Hv.

To test our calculation methods, equation (11) was used together with the values of sound
speed, S, nitrogen concentration, XN2, and carbon dioxide concentration, XCO2, listed in Table 5 to
calculate values of the gas mixture density, calcρ , for all eight gas mixtures.  The density error

magnitude is less than 0.02% for all gas mixtures except High CO2 & N2 and High N2 where the
magnitude of the error is of the order of 0.10%

3.5 Calculation of Molecular Weight

Equation (9) can be extended to arbitrary pressure and temperature by replacing the
standard sound speed, Sstd, by the actual sound speed, S, and by calculating the nine coefficients
from values of MW and S for the nine reference gas mixtures.  The equation for molecular weight
becomes:

( )2 2 21MW MW
calc MW MW CO MW N

B CMW A D X E XS S
 = + + ∗ + ∗ + ∗  

(13)

where 2 3
21

MW MW
MW MW

D DD D S S
= + + , and 2 3

21
MW MW

MW MW
E EE E S S

= + + .

The values of sound speed, S, needed for equation (13) are the same ones computed by cubic-
spline fit and used to calculate the coefficients in equation (11).  Of course, the values of
molecular weight, MW, for the nine reference gases are not functions of pressure and
temperature, but are constants listed in Table 2.

Values of molecular weight for the eight natural gas mixtures were calculated using
equation (13) together with the data for sound speed, S, nitrogen concentration, XN2, and carbon
dioxide concentration, XCO2 listed in Table 5.  The magnitude of the error in the molecular
weight calculation is of the order of 0.02% or less for all gas mixtures except High CO2 & N2 and
High N2.  For the latter two mixtures, the error is of the order of 0.10%.

3.6 Calculation of Standard Sound Speed

Before we can use either equation (6) or (7) to calculate the standard density, and
equation (10) to calculate the mass-based heating value, we need to know the value of the
standard sound speed, Sstd.  In the method developed by Behring et al., it was assumed that the
standard sound speed would be measured experimentally.  Now, however, we want to be able to
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calculate the standard sound speed using the value of molecular weight, MW, computed at
pipeline pressure and temperature.

Table 5.  Calculations of gas density, molecular weight, standard sound speed, and heating value.

Values of S, Sstd, ρρρρ, ρρρρstd Calculated by SonicWare
TM 

Detailed Composition Method
ID# Amarillo Gulf Coast Ekofisk High CO2 & N2 High N2 Methane ID#39 ID#49

Pressure (psia) 950 950 950 950 950 950 950 950

Temperature (
o
F) 65 65 65 65 65 65 65 65

S (ft/s) 1,328.18 1,365.60 1,252.59 1,248.13 1,316.18 1,411.72 1,379.19 1,208.52
Sstd (ft/s) 1,377.77 1,412.38 1,325.65 1,298.63 1,344.53 1,449.78 1,415.05 1,295.14

ρρρρ (lbm/ft
3
) 3.423668 3.248156 3.789474 3.884008 3.536385 3.061223 3.208673 4.036393

ρρρρstd (lbm/ft3) 0.046578 0.044467 0.0497045 0.052495 0.049350 0.042457 0.044534 0.0517027
MW 17.5955 16.7994 18.7683 19.8291 18.6488 16.0430 16.8278 19.5175

Hm (Btu/lbm) 22,217.6 23,299.4 22,293.6 17,774.9 18,371.7 23,891.0 22,166.9 22,245.2
Hv (Btu/SCF) 1034.85 1036.05 1108.09 933.10 906.65 1014.34 987.18 1150.14
nitrogen (%) 3.1284 0.2595 1.0068 5.70206 13.4650 0.0000 3.7924 0.3407

carbon dioxide (%) 0.4676 0.5956 1.4954 7.58508 0.9850 0.0000 0.2609 1.8816
methane (%) 90.6724 96.5222 85.9063 81.21181 81.4410 100.0000 94.6077 83.4187
ethane (%) 4.5279 1.8186 8.4919 4.30304 3.3000 0.0000 1.0118 9.5284

propane (%) 0.8280 0.4596 2.3015 0.89501 0.6050 0.0000 0.2128 3.5694
i-butane (%) 0.1037 0.0977 0.3486 0.15100 0.1000 0.0000 0.04572 0.6219
n-butane (%) 0.1563 0.1007 0.3506 0.15200 0.1040 0.0000 0.03048 0.4146
i-pentane (%) 0.0321 0.0473 0.0509 0.00000 0.0000 0.0000 0.01464 0.10968
n-pentane (%) 0.0443 0.0324 0.0480 0.00000 0.0000 0.0000 0.00976 0.07312
n-hexane (%) 0.0393 0.0664 0.0000 0.00000 0.0000 0.0000 0.0086 0.0327
n-heptane (%) 0.0000 0.0000 0.0000 0.00000 0.0000 0.0000 0.0044 0.0081
n-octane (%) 0.0000 0.0000 0.0000 0.00000 0.0000 0.0000 0.0008 0.0011

Values of Density Calculated Using Equation (11) and Actual Sound Speed
Pressure (psia) 950 950 950 950 950 950 950 950

Temperature (
o
F) 65 65 65 65 65 65 65 65

S (ft/s) 1,328.18 1,365.60 1,252.59 1,248.13 1,316.18 1,411.72 1,379.19 1,208.52
nitrogen (%) 3.1284 0.2595 1.0068 5.70206 13.4650 0.0000 3.7924 0.3407

carbon dioxide (%) 0.4676 0.5956 1.4954 7.58508 0.9850 0.0000 0.2609 1.8816

ρρρρcalc (lbm/ft
3
) 3.423293 3.248623 3.7898805 3.880360 3.5338361 3.0611714 3.208209 4.0368728

Error in ρρρρcalc (%) -0.011 0.014 0.011 -0.094 -0.072 -0.002 -0.014 0.012

Values of Molecular Weight Calculated Using Equation (12) and Actual Sound Speed
MWcalc 17.5975 16.8000 18.7723 19.8478 18.6671 16.0425 16.8262 19.5173

Error in Mwcalc (%) 0.011 0.004 0.021 0.094 0.098 -0.003 -0.010 -0.001
Values of Standard Sound Speed Calculated from Molecular Weight Using Equation (8)

Sstdcalc (ft/s) 1377.66 1412.33 1325.52 1298.03 1343.98 1449.81 1415.20 1295.10

Error in Sstdcalc (%) -0.008 -0.004 -0.010 -0.046 -0.041 0.002 0.011 -0.003

Values of Standard Sound Speed Calculated from Molecular Weight Using Equation (9)
Sstdcalc (ft/s) 1377.73 1412.53 1325.57 1297.69 1343.65 1449.76 1415.08 1295.22

Error in Sstdcalc (%) -0.003 0.011 -0.006 -0.072 -0.066 -0.001 0.002 0.006

Values of Standard Density, Mass-Based and Standard Volumetric Heating Value

ρρρρstdcalc (lbm/ft
3
) 0.046577 0.044456 0.0497125 0.052562 0.0494066 0.042456 0.0445358 0.0516961

Error in ρρρρstdcalc (%) -0.002 -0.024 0.016 0.129 0.114 -0.002 0.004 -0.013

Hmcalc (Btu/lbm) 22,214.7 23,302.5 22,290.4 17,811.3 18,415.6 23,895.8 22,167.0 22,245.4

Error in Hmcalc (%) -0.013 0.013 -0.015 0.205 0.239 0.020 0.001 0.001

Hvcalc (Btu/SCF) 1034.70 1035.94 1108.11 936.20 909.85 1014.52 987.23 1150.00

Error in Hvcalc (%) -0.014 -0.011 0.002 0.333 0.353 0.018 0.005 -0.012
Error in Hvcalc (Btu/SCF) -0.15 -0.11 0.02 3.10 3.20 0.18 0.05 -0.14
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Equation (8) is a least-square-error regression fit that relates the molecular weight to the
standard sound speed, the carbon dioxide concentration and the nitrogen concentration.  This
equation can be used to calculate Sstd if the other three variables are known.  Using the
terminology of equation (8):

( )2 4

2std

B B C A MW
S

C

− ± − −
=

0 1 2 2 2N COA A A X A X= + ∗ + ∗ ,

0 1 2 2 2N COB B B X B X= + ∗ + ∗ ,

0 1 2 2 2N COC C C X C X= + ∗ + ∗

(14)

The coefficients in the linear expressions for A, B, and C are constants and are listed in the
paragraph following equation (8).  Equation (14) has two solutions, but only one of the solutions
is physically realistic.  Table 5 lists the value of Sstd calculated for the eight example gas
mixtures.  The magnitude of the calculation error in Sstd is of the order of 0.01%, except for the
two examples with high diluent concentrations.  For these gas mixtures, the magnitude of the
error in Sstd is less than 0.05%.

Another option available is to use equation (9) to calculate the standard sound speed.
Using the terminology of equation (9):

2 4

2
MW MW MW

std

B B aC
S

a

− ± −
=

( )2 21MW
MW CO MW N

MW
a A

D X E X
= −

+ ∗ + ∗

2 3
21

MW MW
MW MW

std std

D DD D S S
= + +

2 3
21

MW MW
MW MW

std std

E EE E S S
= + +

(15)

Since Sstd appears in the expressions for DMW and EMW on the right hand side of equation (15),
this equation must be solved iteratively.  For the first iteration, we assume that DMW ≅  DMW1 and
EMW ≅  EMW1 and solve for Sstd.  For the second and higher numbered iterations, the value of Sstd

computed in the previous iteration is used to evaluate DMW and EMW.  For the eight example gas
mixtures in Table 5, convergence was achieved within four iterations. Equation (15) also has two
solutions, but only one of these solutions is physically realistic.  Table 5 shows that the
magnitudes of the error in standard sound speed are comparable when using either equation (8)
or equation (9).  For the two gas mixtures with high diluent concentrations, the error magnitude
is about 30% smaller if equation (8) is used rather than equation (9).  Since equation (8) is
simpler to program and does not require iteration, it is preferred for energy meter module
calculations.
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3.7 Calculation of Standard Volumetric Heating Value

Further calculations of standard density, stdρ , using either equation (6) or equation (7),

and the mass-based heating value, Hm, using equation (10), are straightforward.  The standard
volumetric heating value, Hv, is simply the product of std mHρ ∗ .  Table 5 lists the values of stdρ ,

Hm, and Hv calculated for the eight-gas mixture examples and the error associated with each
calculation.  For the six example gas mixtures with total diluent concentrations of 4.0 mole% or
less, the magnitude of the error in calculating Hv is less than 0.02%.  This corresponds to an
actual error magnitude in Hv of less than 0.2 Btu/SCF.  For the two gas mixtures with total
diluent concentrations between 13 mole% and 15 mole%, the error in Hv is of the order of
0.35%, equivalent to an actual error of about 3.2 Btu/SCF.

3.8 Energy Meter Module Computer Code

A digital computer code was written in FORTRAN to perform all of the calculations
required for an energy meter module.  Two distinct measurement scenarios are anticipated.

3.8.1 Sound Speed Measured by an Ultrasonic Flow Meter

In this scenario, the speed of sound indication and the measured values for gas
temperature and gas pressure are provided by an ultrasonic flow meter.  The ultrasonic flow
meter also provides a value for the volumetric flow rate.  Since an ultrasonic flow meter does not
measure the concentrations of carbon dioxide and nitrogen, a stream of natural gas will be drawn
off through a pipe fitting located downstream of the flow meter.  The gas stream passes through a
pressure regulation valve, into an energy meter module that contains the carbon dioxide sensor,
and a connection to an apparatus for determining the nitrogen concentration.

The composition of dry natural gas is a chemical property, and the concentrations of
carbon dioxide and nitrogen are not functions of temperature and pressure.  The FORTRAN
computer code calculates the density and molecular weight of the natural gas mixture at the
pressure and temperature measured at the ultrasonic flow meter.  The computer code also
calculates the standard sound speed, and the mass-based heating value.  The energy flow rate is
calculated as the volumetric flow rate measured by the ultrasonic flow meter multiplied by the
product of the gas density and the mass-based heating value.  The units of the energy flow rate
are Btu/hour.

3.8.2 Sound Speed Measured by the Energy Meter Module

A second measurement scenario includes all flow meter types (orifice meter, V-cone
meter, turbine meter, Coriolis meter, etc.) that do not measure the speed of sound in the flowing
gas stream.  For these meters, the sound speed will be measured separately using acoustic
sensors installed inside the energy meter module.  The pressure and temperature of the gas
stream flowing through the energy meter module will be measured also.  Note that in this
scenario, the pressure and temperature at the location where the speed of sound is measured in
the energy meter module may be very different from the gas pressure and temperature in the flow
meter.  Concentrations of carbon dioxide and nitrogen typical of the gas in the flow meter will be
measured by sensors in the energy meter module or in a second apparatus connected to the
energy meter module.  The FORTRAN computer code first calculates the density and molecular
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weight of the natural gas mixture in the energy meter module.  Next, the computer code
calculates the standard sound speed and the mass-based heating value.  Finally, the computer
code calculates the natural gas density at the gas pressure and temperature in the flow meter.
The energy flow rate is calculated as the volumetric flow rate through the flow meter multiplied
by the product of the natural gas density in the flow meter and the mass-based heating value.

3.9 Flow Computer

The FORTRAN computer code was developed and debugged using DIGITAL Visual
Fortran 5.0 on a desktop PC running under Windows 95.  However, this is not a realistic
platform for a flow measurement system to be used in the field by the natural gas industry.
Because the project objective was to evaluate the energy meter concept while acquiring
experimental data from actual flow meters, it was decided to move the software onto a flow
computer suitable for field measurements.

A meeting was held with Bristol Babcock Inc. in Houston to discuss the use of a Bristol
Babcock model 3330 flow computer as a platform that would be compatible with existing flow
meters and with the energy meter software.  Several advantages were identified:  (1) the model
3330 flow computer is commonly used in the natural gas transmission industry; (2) the ACCOL
software used to program the flow computer also has wide acceptance in the industry; (3) model
3330 flow computers are currently used to communicate with and process data from ultrasonic,
turbine and orifice flow meters; (4) Bristol Babcock does not manufacture or sell an energy
measurement system (such as a gas chromatograph) that might be expected to compete with
energy meter development; and (5) the choice of a general purpose flow computer as a platform
for the MRF demonstration would not prejudice the selection of a commercialization partner at a
later time.

Bristol Babcock signed a non-disclosure agreement with Southwest Research Institute to
safeguard the confidentiality of the energy meter software development.  An order was placed
with Bristol Babcock to furnish a model 3330 flow computer and programmer support to
translate the energy module computer code from FORTRAN into ACCOL.  Bristol Babcock and
SwRI engineers worked closely together to debug the ACCOL code and to assure that values of
chemical and thermodynamic properties calculated by the ACCOL and FORTRAN codes were
substantially the same.
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4.0 Uncertainty Considerations

Behring et al. (1999) reported preliminary estimates for the uncertainty limits needed to
achieve a measurement uncertainty of 0.5% in the mass-based heating value, the standard
density, and the standard volumetric heating value.  The uncertainty limit for XCO2 was ±0.2
mole%.  The uncertainty limit for XN2 was ±0.3 mole%.  The uncertainty limit for Sstd was ±0.5%
which is equivalent to about ±7 ft/s.  No preliminary uncertainty estimates were made for the gas
mixture pressure or temperature.  The use of the least-square-error regression correlations
developed by Behring et al. assumes that the gas pressure will be controlled at 14.73 psia and the
gas temperature at 60°F.

Behring et al. state “the 0.5% specification was arbitrarily chosen based on the general
industry effort to reduce custody transfer measurements to (uncertainty) levels below 1%.”  An
uncertainty level of ±0.5% in the standard volumetric heating value would correspond to
approximately ±5 Btu/SCF.  For an energy meter module to be effective as a replacement for a
gas chromatograph, the goal uncertainty level should be reduced from approximately
±5 Btu/SCF to the order of ±1 Btu/SCF.  However, not all applications require accuracy of
±1 Btu/SCF.  An accuracy of ±5 Btu/SCF will still allow use of the energy measurement method
in situations where the cost of a gas chromatograph can not be justified.

4.1 Sensitivity Calculation – Standard Volumetric Heating Value, Hv

To estimate the sensitivity of the standard volumetric heating value to errors in the
measured variables, sensitivity calculations were performed using the energy meter computer
code.  It was assumed that the energy meter module was operating in association with an
ultrasonic flow meter.  The ultrasonic flow meter, pressure, temperature, and N2 and CO2 sensors
would provide measured values of (1) average flow velocity, (2) local gas temperature, (3) speed
of sound, (4) mole% concentration of nitrogen, (5) mole% concentration of carbon dioxide, and
(6) local gas pressure in the gas mixture flowing through the flow meter.  The sensitivity analysis
was performed by running the computer code for a set of base conditions, then changing the
values of the input variables.  The average flow velocity measurement does not affect the
calculation of energy content in the gas, so it was omitted from the sensitivity analysis.  Between
six and nine runs were made for different values for each of the other five variable.  Only one
variable was changed at a time.

In order to determine the actual values of gas density, mass-based heating value and
standard volumetric heating value, a gas chromatograph analysis of the natural gas mixture
circulating in the MRF high pressure loop on June 6, 2000, was performed.  The base condition
gas mixture is composed of 96.023872% methane, 1.534452% ethane, 1.255016% carbon
dioxide, 0.914424% nitrogen, 0.176326% propane, 0.020447% i-butane, 0.033854% n-butane,
0.010620% i-pentane, 0.009403% n-pentane, 0.008653% hexane, 0.009206% heptane,
0.002627% octane, and 0.001102% nonane.  The standard volumetric heating value is 1009.54
Btu/SCF.  Other base conditions are: gas mixture sound speed = 1387.46 ft/s, local gas
temperature = 70°F, local gas pressure = 620 psia.

The results of the sensitivity calculations are shown in Figures 12 through 16, and the
sensitivity factors are listed in Table 6.
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Sensitivity to Measured Temperature

Deviation from the Base Condition Temperature, oF
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Figure 12.  Sensitivity of the standard heating value calculated by the energy meter
algorithm to an error in the measured value of temperature.

Sensitivity to Measured Sound Speed

Deviation from the Base Condition Sound Speed, ft/s
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Sensitivity factor = -0.89 Btu/SCF/ft/s

Figure 13.  Sensitivity of the standard heating value calculated by the energy meter
algorithm to an error in the measured value of sound speed.
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Sensitivity to Measured Nitrogen Concentration

Deviation from the Base Condition Nitrogen Concentration, mole%
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Figure 14.  Sensitivity of the standard heating value calculated by the energy meter
algorithm to an error in the measured value of nitrogen concentration.

Sensitivity to Measured CO2 Concentration

Deviation from the Base Condition CO2 Concentration, mole%
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Figure 15.  Sensitivity of the standard heating value calculated by the energy meter
algorithm to an error in the measured value of carbon dioxide concentration.
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Sensitivity to Measured Pressure

Deviation from the Base Condition Pressure, psi
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Figure 16.  Sensitivity of the standard heating value calculated by the energy meter
algorithm to an error in the measured value of pressure.

Table 6.  Sensitivity factors for calculated values of standard volumetric heating value.

Sensitivity to Value Units

Temperature 1.45vH
T

∂ =∂ (Btu/SCF)/°F

Speed of Sound 0.89vH
S

∂ = −∂ (Btu/SCF)/(ft/s)

Nitrogen Concentration
2

13.30v

N

H
X

∂ = −∂ (Btu/SCF)/mole%

Carbon Dioxide Concentration
2

21.18v

CO

H
X

∂ = −∂ (Btu/SCF)/mole%

Pressure 0.036vH
P

∂ = −∂ (Btu/SCF)/psi

The sensitivity factors can be used to calculate the magnitude of a measurement error for
each variable that would lead to an error of ±1 Btu/SCF in the standard heating value.  The gas
temperature would have to be measured to an accuracy of ±0.7oF as shown in Figure 12.  For the
same uncertainty level of ±1 Btu/SCF, the uncertainty limits for the other measured variables are
±1.1 ft/s for sound speed, ±0.08 mole% for the nitrogen concentration, ±0.05 mole% for the
carbon dioxide concentration, and ±25 psi for the gas pressure.
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4.2 Sensitivity Calculation – Natural Gas Energy Content, mHρ ∗

The standard volumetric heating value, Hv, is a convenient measure of the energy content
of a cubic foot of natural gas at standard pressure, 14.73 psia and standard temperature, 60°F.
Behring et al. show that the energy flow rate, Qenergy, with units of Btu/hr can be calculated as the
product of the standard volumetric flow rate, Qv,std, with units of SCF/hr and the standard
volumetric heating value, Hv, with units of Btu/SCF.

( ),
m

energy v std v std m m m
std

Q
Q Q H H Q Hρ

ρ
 

= ∗ = ∗ ∗ = ∗ 
 

(16)

Volumetric flow meters, such as an ultrasonic flow meter or a turbine flow meter, do not
measure Qv,std directly.  Instead, they measure the volumetric flow rate, Qv, with units of “actual”
cubic feet of gas/hr.  The standard volumetric flow rate, Qv,std, can be calculated by multiplying
the actual volumetric flow rate, Qv, by the ratio of the actual density divided by the standard
density:

,v std v
std

Q Q
ρ

ρ
 

= ∗ 
 

(17)

The ratio of the gas densities can be calculated as:

519.67

14.73
std

std

ZP R

psia T Z

ρ
ρ

  °   = ∗ ∗         
(18)

The values of P and T are the pressure and temperature of the gas mixture at flow meter
conditions.  These two quantities will be measured with pressure and temperature transmitters.
However, the ratio of the natural gas compressibility will have to be calculated.  The usual
procedure is to use the AGA Report No. 8 (1994) equation of state and the detailed gas
composition method using the composition measured by a gas chromatograph.

We would like to avoid the requirement for a gas chromatograph and to use the
correlations described earlier.  Let’s rewrite equation (16) as

( ), *energy v std v v std m v m
std

Q Q H Q H Q H
ρ ρ ρ

ρ
 

= = ∗ ∗ ∗ = ∗ ∗ 
 

(19)

Since the actual volumetric flow rate, Qv, is measured by the flow meter, we can use
equations (10) and (11) to calculate the mass-based heating value, Hm, and the flowing gas
density, ρ , needed to calculate the energy rate.

The sensitivity of the ( )mHρ ∗ product to errors in the measured variables was calculated

in the same manner as the sensitivity in the standard volumetric heating value, Hv.  The results of
the sensitivity calculations are shown in Figures 17 through 21, and the sensitivity factors are
listed in Table 7.  The sensitivity factors can be used to calculate the magnitude of a
measurement error for each variable that would lead to an error of ± 0.5% in the energy content
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Sensitivity to Measured Temperature

Deviation from the Base Condition Temperature, oF
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Figure 17.  Sensitivity of the natural gas energy content calculated by the energy meter
algorithm to an error in the measured value of temperature.

Sensitivity to Measured Sound Speed

Deviation from the Base Condition Sound Speed, ft/s

-3 -2 -1 0 1 2 3

(H
m

* ρ
) c

a
lc
, 

E
n

e
rg

y 
C

o
n

te
n

t,
 B

tu
/f

t3

42000

42500

43000

43500

44000

44500

45000

45500

46000

46500

47000

47500

48000

- 0.5%

Base Conditions
P = 620.0 psia
T = 70 oF
S = 1387.46 ft/s
XN2 = 0.914424%
XCO2 = 1.255016%
Hv = 1009.54 Btu/SCF

+ 0.5%

Sensitivity factor = -50.3 Btu/ft3/ft/s

Figure 18.  Sensitivity of the natural gas energy content calculated by the energy meter
algorithm to an error in the measured value of sound speed.
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Sensitivity to Measured Nitrogen Concentration

Deviation from the Base Condition Nitrogen Concentration, mole%
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Figure 19.  Sensitivity of the natural gas energy content calculated by the energy meter
algorithm to an error in the measured value of nitrogen concentration.

Sensitivity to Measured CO2 Concentration

Deviation from the Base Condition CO2 Concentration, mole%
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Figure 20.  Sensitivity of the natural gas energy content calculated by the energy meter
algorithm to an error in the measured value of carbon dioxide concentration.
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Sensitivity to Measured Pressure

Deviation from the Base Condition Pressure, psi
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Figure 21.  Sensitivity of the natural gas energy content calculated by the energy meter
algorithm to an error in the measured value of gas mixture pressure.

Table 7.  Sensitivity factors for calculated values of natural gas energy content

Sensitivity to Value Units

Temperature ( ) 32.4mH
T

ρ∂ ∗ = −∂
(Btu/ft3)/°F

Speed of Sound ( ) 50.3mH
S

ρ∂ ∗ = −∂
(Btu/ft3)/(ft/s)

Nitrogen Concentration
( )

2
683.4m

N

H
X

ρ∂ ∗ = −∂ (Btu/ft3)/mole%

Carbon Dioxide Concentration
( )

2
1033.3m

CO

H
X

ρ∂ ∗ = −∂ (Btu/ft3)/mole%

Pressure ( ) 76.9mH
P

ρ∂ ∗ =∂
(Btu/ft3)/psi
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product of mHρ ∗ .  The gas mixture temperature would have to be measured to an accuracy of

±7.0°F.  For the same uncertainty limit of ±0.5% in the product of ( )mHρ ∗  the uncertainty

limits in the other measured variables are ±4.50 ft/s for the speed of sound, ±0.33 mole% for the
nitrogen concentration, ±0.22 mole% for the carbon dioxide concentration, and ±2.9 psi for the
gas mixture pressure.

Normally, several measured variables contribute to the experimental uncertainty at the
same time.  Uncertainty estimates based upon only a single variable can be misleading.
Uncertainties in the measurement of temperature, pressure, sound speed, nitrogen concentration
and carbon dioxide concentration all contribute to the overall measurement uncertainty.  In
Section 4.3, the sensitivity factors calculated in this section are used to estimate the overall
uncertainty in the standard heating value (Tables 8 and 9) and in the product of density and the
mass-based heating value (Tables 10 and 11).

4.3 Estimating the Measurement Uncertainty

Coleman and Steele (1989) state that measurement uncertainty is an estimate of
experimental error.  Uncertainty analysis involves estimating the magnitude of random or
precision errors and fixed or bias errors.  The textbook by Coleman and Steele (1989) explains
the formal basis for estimating measurement uncertainty.  In this section, we will make
preliminary estimates for the uncertainty in the standard volumetric heating value, Hv, and the
energy flow rate, Qenergy.

4.3.1 Uncertainty in Standard Volumetric Heating Value, Hv

Values of the standard volumetric heating value, Hv, can be computed by the energy
meter algorithm.  The variables that influence the calculated value of Hv are the gas mixture
temperature, the speed of sound, the concentration of nitrogen and carbon dioxide in the gas
mixture, and the gas mixture pressure.  Following Coleman and Steele (1989), we will estimate
the measurement uncertainty by the root sum of squares method.  That is, the uncertainty in Hv is
estimated by taking the square roof of the sum of the squares of the influence factors for all of
the variables.  The influence factors are simply the sensitivity value multiplied by the uncertainty
for each of the independent variables.  The uncertainties are assumed to be independent; the sign
and magnitude of the uncertainty in temperature are not affected by or correlated to the
uncertainty in sound speed or any of the other variables.  The uncertainty in standard volumetric
heating value can be calculated using equation (20).

2 22 2 2

2 2

2 2

v v v v v
v N CO

N CO

H H H H H
H T S X X P

T S X X P

   ∂ ∂ ∂ ∂ ∂     ∆ = ∗∆ + ∗ ∆ + ∗∆ + ∗∆ + ∗ ∆        ∂ ∂ ∂ ∂ ∂        
(20)

The values for the sensitivity factors are listed in Table 6 for a single base condition.  The
sensitivity factors may change as a function of the values of the independent variables.

First, let’s examine the uncertainty values for each of the independent variables that
would lead to an uncertainty in Hv of the order of ±1, ±2, and ±5 Btu/SCF.  The results are
shown in Table 8.
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The uncertainty estimates assumed for the independent variables in Table 8 are somewhat
arbitrary.  They were selected to show the level of uncertainty that could be tolerated if each
variable contributed to the overall uncertainty in standard volumetric heating value.

Table 8.  Uncertainty estimates for standard volumetric heating value, Hv.

Uncertainty Source Base Value Delta Delta/Value Sensitivity U95% Units

T Temperature 70oF +/- 0.25oF 0.00357 1.45 0.36 Btu/SCF

P Pressure 620 psia +/- 6.2 psi 0.01000 -0.036 -0.22 Btu/SCF

S Sound Speed 1387.46 ft/s +/- 0.5 ft/s 0.00036 -0.89 -0.45 Btu/SCF

XN2 Nitrogen 0.914424% +/- 0.05% 0.05468 -13.2 -0.66 Btu/SCF

XCO2 Carbon Dioxide 1.255016% +/- 0.025% 0.01992 -21.18 -0.53 Btu/SCF

1.05vH∆ = ±  Btu/SCF

If Hv = 1,009.54 Btu/SCF, then / 0.10%v vH H∆ = ±

Uncertainty Source Base Value Delta Delta/Value Sensitivity U95% Units

T Temperature 70oF +/- 0.5oF 0.00714 1.45 0.73 Btu/SCF

P Pressure 620 psia +/- 6.2 psi 0.01000 -0.036 -0.22 Btu/SCF

S Sound Speed 1387.46 ft/s +/- 1 ft/s 0.00072 -0.89 -0.89 Btu/SCF

XN2 Nitrogen 0.914424% +/- 0.1% 0.10936 -13.2 -1.32 Btu/SCF

XCO2 Carbon Dioxide 1.255016% +/- 0.05% 0.03984 -21.18 -1.06 Btu/SCF

2.06vH∆ = ±  Btu/SCF

If Hv = 1,009.54 Btu/SCF, then / 0.20%v vH H∆ = ±

Uncertainty Source Base Value Delta Delta/Value Sensitivity U95% Units

T Temperature 70oF +/- 1.0oF 0.01429 1.45 1.45 Btu/SCF

P Pressure 620 psia +/- 6.2 psi 0.01000 -0.036 -0.22 Btu/SCF

S Sound Speed 1387.46 ft/s +/- 2.0 ft/s 0.00144 -0.89 -1.78 Btu/SCF

XN2 Nitrogen 0.914424% +/- 0.3% 0.32808 -13.2 -3.96 Btu/SCF

XCO2 Carbon Dioxide 1.255016% +/- 0.10% 0.07968 -21.18 -2.12 Btu/SCF

5.05vH∆ = ±  Btu/SCF

If Hv = 1,009.54 Btu/SCF, then / 0.50%v vH H∆ = ±
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Now, let’s frame the question differently, and ask what would be the uncertainty in Hv if
each variable was measured as accurately as possible within the calibration limitations of the
GRI MRF High Pressure Loop (HPL).  This will become an estimate of the “pre-test”
uncertainty analysis.  An estimate of the experimental error that is made before the test is
performed.  The best case uncertainty estimate for temperature is T∆  = ±0.2°F, for pressure,

P∆  = ±0.2 psi, for sound speed, S∆  = ±1.5 ft/s, for carbon dioxide concentration,

2COX∆ = ±0.05 mole%, and for nitrogen, 2NX∆  = ±0.05 mole%.  Table 9 shows that the esti-

mated uncertainty in standard volumetric heating value would be of the order of vH∆  = ±2.0

Btu/SCF.  The variables that make the largest contribution to the uncertainty are the sound speed,
the nitrogen and the carbon dioxide concentrations.

Table 9.  Pre-test uncertainty estimates for standard volumetric heating value, Hv.

Uncertainty Source Base Value Delta Delta/Value Sensitivity U95% Units

T Temperature 70oF +/- 0.2oF 0.00286 1.45 0.29 Btu/SCF

P Pressure 620 psia +/- 0.2 psi 0.00032 -0.036 -0.01 Btu/SCF

S Sound Speed 1387.46 ft/s +/- 1.5 ft/s 0.00108 -0.89 -1.34 Btu/SCF

XN2 Nitrogen 0.914424% +/- 0.05% 0.05468 -13.2 -0.66 Btu/SCF

XCO2 Carbon Dioxide 1.255016% +/- 0.05% 0.03984 -21.18 -1.06 Btu/SCF

1.85vH∆ = ±  Btu/SCF

If Hv = 1,009.54 Btu/SCF, then / 0.18%v vH H∆ = ±

4.3.2 Uncertainty in Energy Flow Rate, Qenergy

As a replacement for a gas chromatograph, it is important that the energy meter module
be capable of indicating the correct value of standard heating value with an uncertainty of ±1 or
±2 Btu/SCF.  However, as a device used to measure the energy flow rate, the uncertainty of the
flow meter must also be considered.

For this example, we shall assume that the energy meter module is to be used with an
ultrasonic flow meter to measure the energy flow rate in a transmission gas pipeline.  The energy
flow rate, Qenergy, is the product of the actual volumetric flow rate, Qv, the gas density, ρ , at
pipeline conditions, and the mass-based heating value, Hm, as shown in equation (19).  For an
ultrasonic flow meter, the dry-meter calibration is performed by measuring the distances between
the ultrasonic sensors, and the cross-sectional area of the meter body.  AGA Report No. 9 (1998)
states the uncertainty for a dry-calibrated meter as ±0.7% of reading for meter diameters of
12 inches or larger, and as ±1.0% of reading for meters smaller than 12 inches.

Since the dry-calibration of the ultrasonic flow meter is independent of the variables that
affect the energy content of the natural gas mixture, we can estimate the uncertainty of these
terms separately.
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Let

( ) ( )energy v mQ Q Hρ= ∗ ∗

Then,

( )energy v m m vQ Q H H Qρ ρ∆ = ∗∆ ∗ + ∗ ∗∆

Divide both sides by Qenergy,

( )energy m v

energy m v

Q H Q

Q H Q

ρ
ρ

∆ ∆ ∗ ∆= +
∗

Assuming that each term is independent of the other, we can estimate the uncertainty in the
energy flow rate as,

( ) 2 2

energy m v

energy m v

Q H Q

Q H Q

ρ
ρ

∆ ∆ ∗   ∆= +   ∗   
(21)

Let’s consider a 12-inch diameter ultrasonic flow meter that is dry-calibrated and has an
assigned uncertainty of ±0.7% of reading, that is, / 0.007v vQ Q∆ = ± .  What level of uncertainty

for the independent variables will produce an uncertainty level of ±0.1%, ±0.2% and ±0.5% for
the product of mHρ ∗ ?  The results are shown in Table 10.  Just as in Table 8, the uncertainty

estimates assumed for the independent variables in Table 10 are arbitrary.  They were selected
simply to show the nominal levels of uncertainty that could be tolerated if each variable
contributed to the overall uncertainty in the product of mHρ ∗ .  Note that the units of mHρ ∗ are

Btu/ACF, i.e., Btu/actual cubic ft, not Btu/SCF.

Following the example used to develop Table 9, we can estimate the “pre-test”
uncertainty by applying an estimate of uncertainty for each variable that is considered to be
realistic under good conditions in the GRI MRF HPL.  Values of ρ  and Hm are calculated for the
given conditions of T, P, S, XN2, and XCO2 listed in the table.  Table 11 shows that the estimated
uncertainty in mHρ ∗  would be of the order of ( )mHρ∆ ∗ = ±99 Btu/ft3, which is equivalent to a

value of ( ) ( )/m mH Hρ ρ∆ ∗ ∗  ±0.0022 or ±0.22%.

Finally, let’s look at the total uncertainty in energy flow rate that would be calculated
from equation (21) using the uncertainty estimates for an ultrasonic meter and for the energy
content measured by the energy meter module.  We’ll consider three different uncertainty levels
for the ultrasonic meter.

• / 1.00%v vQ Q∆ = ± - dry-calibrated ultrasonic meter smaller than 12 inches in diameter.

• / 0.70%v vQ Q∆ = ± - dry-calibrated ultrasonic meter 12-inch diameter or larger.

• / 0.30%v vQ Q∆ = ± - ultrasonic meter that has been flow calibrated in a laboratory, as for

example, at the GRI MRF.
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Table 10.  Uncertainty estimates for the natural gas energy content, mHρ ∗ .

Uncertainty Source Base Value Delta Delta/Value Sensitivity U95% Units

T Temperature 70oF +/- 0.5oF 0.00714 -32.4 -16.20 Btu/ft3

P Pressure 620 psia +/- 0.25 psi 0.00040 76.85637 19.21 Btu/ft3

S Sound Speed 1387.46 ft/s +/- 0.5 ft/s 0.00036 -50.2703 -25.14 Btu/ft3

XN2 Nitrogen 0.914424% +/- 0.03% 0.03281 -683.404 -20.50 Btu/ft3

XCO2 Carbon Dioxide 1.255016% +/- 0.025% 0.01992 -1033.33 -25.83 Btu/ft3

( ) 48.49mHρ∆ ∗ = ±  Btu/ft3

If mHρ ∗  = 45,183.09 Btu/ft3, then ( ) ( )/ 0.11%m mH Hρ ρ∆ ∗ ∗ = ±

Uncertainty Source Base Value Delta Delta/Value Sensitivity U95% Units

T Temperature 70oF +/- 1.0oF 0.01429 -32.4 -32.40 Btu/ft3

P Pressure 620 psia +/- 0.5 psi 0.00081 76.85637 38.43 Btu/ft3

S Sound Speed 1387.46 ft/s +/- 1 ft/s 0.00072 -50.2703 -50.27 Btu/ft3

XN2 Nitrogen 0.914424% +/- 0.06% 0.06562 -683.404 -41.00 Btu/ft3

XCO2 Carbon Dioxide 1.255016% +/- 0.05% 0.03984 -1033.33 -51.67 Btu/ft3

( ) 96.98mHρ∆ ∗ = ±  Btu/ft3

If mHρ ∗  = 45,183.09 Btu/ft3, then ( ) ( )/ 0.21%m mH Hρ ρ∆ ∗ ∗ = ±

Uncertainty Source Base Value Delta Delta/Value Sensitivity U95% Units

T Temperature 70oF +/- 2.5oF 0.03571 -32.4 -81.00 Btu/ft3

P Pressure 620 psia +/- 1.5 psi 0.00323 76.85637 115.28 Btu/ft3

S Sound Speed 1387.46 ft/s +/- 2.0 ft/s 0.00144 -50.2703 -100.54 Btu/ft3

XN2 Nitrogen 0.914424% +/- 0.15% 0.16404 -683.404 -102.51 Btu/ft3

XCO2 Carbon Dioxide 1.255016% +/- 0.10% 0.07968 -1033.33 -103.33 Btu/ft3

( ) 226.15mHρ∆ ∗ = ±  Btu/ft3

If mHρ ∗  = 45,183.09 Btu/ft3, then ( ) ( )/ 0.50%m mH Hρ ρ∆ ∗ ∗ = ±
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Table 11.  Pre-test uncertainty estimates for natural gas energy content, ( )mHρ ∗ .

Uncertainty Source Base Value Delta Delta/Value Sensitivity U95% Units

T Temperature 70oF +/- 0.2oF 0.00286 -32.4 -6.48 Btu/ft3

P Pressure 620 psia +/- 0.2 psi 0.00032 76.85637 15.37 Btu/ft3

S Sound Speed 1387.46 ft/s +/- 1.5 ft/s 0.00108 -50.2703 -75.41 Btu/ft3

XN2 Nitrogen 0.914424% +/- 0.05% 0.05468 -683.404 -34.17 Btu/ft3

XCO2 Carbon Dioxide 1.255016% +/- 0.05% 0.03984 -1033.33 -51.67 Btu/ft3

( ) 99.00mHρ∆ ∗ = ±  Btu/ft3

If mHρ ∗  = 45,183.09 Btu/ft3, then ( ) ( )/ 0.22%m mH Hρ ρ∆ ∗ ∗ = ±

Table 10 showed that the uncertainty in natural gas energy content, ( ) /( )m mH Hρ ρ∆ ∗ ∗ ,

would vary in the range from ±0.11% to ±0.50%.  Table 11 gave an example of a pretest
uncertainty analysis that calculated an uncertainty value of ±0.22% based upon realistic
uncertainty estimates under good conditions in the GRI MRF HPL.  Figure 22 shows a graph of
the uncertainty in energy flow rate, ∆ Qenergy /Qenergy, as a function of the uncertainty in natural
gas energy content, ( ) /( )m mH Hρ ρ∆ ∗ ∗ , and the uncertainty in the actual volumetric flow rate,

∆ Qv /Qv .

For a flow calibrated ultrasonic meter with ∆ Qv /Qv = ±0.30%, increasing the uncertainty
in energy content from ( ) /( )m mH Hρ ρ∆ ∗ ∗ = ±0.11%  to ±0.50% increases the uncertainty in

energy flow from ∆ Qenergy /Qenergy = ±0.32% to ±0.58%.

For an ultrasonic meter that was dry-calibrated with ∆ Qv /Qv = ±0.70%, increasing the
uncertainty in energy content from ( ) /( )m mH Hρ ρ∆ ∗ ∗ = ±0.11% to ±0.50% increases the

uncertainty in energy flow only from ∆ Qenergy /Qenergy = ±0.71% to ±0.86%.

Finally, for an ultrasonic meter that was dry-calibrated with ∆ Qv /Qv = ±1.00%, in-
creasing the uncertainty in energy content from ( ) /( )m mH Hρ ρ∆ ∗ ∗ = ±0.11% to ±0.50%

increases the uncertainty in energy flow only from ∆ Qenergy /Qenergy = ±1.01% to ±1.12%.
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Uncertainty in Energy Flow Rate, Qenergy
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Figure 22.  Uncertainty in energy flow rate, Qenergy, as a function
of the uncertainty in the actual volumetric flow rate, Qv, and

the uncertainty in natural gas energy content, ρ ∗ Hm.
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5.0 ENERGY METER MODULE DESIGN

5.1 Prior Development

Behring et al. (1999) presented the concept of a low-cost energy meter module that would
be compatible with existing gas flow meters, e.g. orifice, turbine, ultrasonic and Coriolis meters,
and would perform the measurements and calculations needed to quantitatively determine the
heating value of the gas stream flowing through the meter.  The most promising method
evaluated by Behring et al. was to determine the heating value inferentially, by measuring the
standard sound speed, the nitrogen and carbon dioxide concentrations, and using the Gross
Characterization Method of AGA Report No. 8 (1994).

Behring et al. predicted that “dramatic cost savings over the traditional GC installations
can … be achieved by determining new natural gas characterization correlations between
properties that are required for energy measurement, and inferential properties that are measured
with less costly sensors.”

Behring et al. showed that it was feasible to measure the sound speed at standard
temperature and pressure using ultrasonic transducers extracted from a Siemens ultrasonic flow
meter produced for residential applications.  The Siemens ultrasonic meter sells for about $100.

Behring et al. also showed that the carbon dioxide concentration in a natural gas mixture
could be measured by a commercial non-dispersive infrared (NDIR) sensor such as the Vaisala
Model GMM11C, which sells for about $400.  Behring et al. did not identify a most promising
route to measuring the nitrogen concentration.  That effort was carried forward to the current
project along with the objective to assemble instruments for all three measurements into a single
package suitable for retrofitting into a natural gas metering station.

5.2 Advantages of Sensing at Low Pressure

One of the objectives of the current project was to develop a modification of the
measurement methodology recommended by Behring et al. that would allow substituting the
measured value of sound speed from an ultrasonic meter installed in a transmission gas pipeline
for the sound speed measured at standard pressure and temperature.  The extension of the
measurement methodology to arbitrary pressure and temperature conditions is discussed in
chapter 3 of this report.

This successful development caused us to question the advisability of measuring sound
speed at standard temperature and pressure for other types of flow meters. The correlations based
on sound speed at standard temperature and pressure had already been developed and published
by Behring et al.  However, since equivalent correlations could be developed for arbitrary
pressure and temperature, it seemed pointless to design a gas sampling system with both pressure
reduction and temperature control to maintain the thermodynamic state at 14.73 psia and 60°F.

The design team gave consideration to measuring sound speed, carbon dioxide and
nitrogen concentration at the pipeline pressure and temperature. However, the inexpensive
instruments for measuring speed of sound and carbon dioxide concentration identified by
Behring et al. would have to be modified significantly to withstand pipeline pressure.  For
purposes of proof testing a prototype design, this would unnecessarily drive up the price and
limit the accessibility of the instruments within a high pressure enclosure.
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As a result, it was decided that a sample gas stream would be drawn from the pipeline
and passed through a pressure reduction valve to reduce the gas stream pressure to a few psi
above atmospheric pressure.  The temperature and pressure of the gas stream would be measured
with commercial transducers, and the sensor output signals converted to numerical values of
temperature and pressure in the flow computer.  With this technique, the temperature and
pressure need not be controlled at 60°F and 14.73 psia, but the temperature and pressure do need
to be measured to within typical field measurement accuracy.

The decision to use a sampled gas stream does raise two important issues that must be
considered.  The first issue is that the gas sampling equipment must be capable of delivering a
sample stream whose composition is representative of the entire natural gas flow at the sampling
location.  Natural gas sampling equipment and procedures have been developed for dry natural
gas streams, and these are commonly used in the field.  This is not true for wet natural gas
streams that consist of a flow of vapor and condensate as a two-phase mixture.  The density and
average molecular weight of the gas condensate phase is much different from that of the vapor
phase.  Proper sampling equipment and procedures that provide a representative sample of a two-
phase natural gas mixture are not readily available.

The second issue is that the sampled natural gas mixture must not undergo condensation
and become a two-phase mixture of vapor and condensate when the pressure is reduced.  This
stipulation requires more care.  If the fluid stream can pass beyond the dew point line during
depressurization, it will be necessary to pre-heat the gas stream to insure that condensation does
not occur.  A special procedure for gas sampling and sample stream treatment will be needed if
condensation of the sampled gas stream is possible.

5.3 Module with Acoustic Sound Speed Sensing

Figure 23 is a photograph of the system developed for measuring the sound speed, carbon
dioxide concentration, pressure and temperature of the natural gas mixture.  Gas is drawn off
from the pipeline in the vicinity of the flow meter, and is passed through a pressure reduction
valve (not shown).  The low pressure gas stream enters the energy meter module enclosure at the
lower left of the photograph.  The sampled gas stream flows into the speed of sound sensor,
where the gas temperature and the gas temperature are measured using field grade natural gas
smart transmitters.  Upon leaving the speed of sound sensor, the sampled gas stream flows into
and through the carbon dioxide sensor.  On leaving the carbon dioxide sensor, the sampled gas
stream exits at the upper left of center of the energy meter module enclosure.

Because neither a nitrogen sensor nor a system for determining the nitrogen concentration
inferentially from other thermodynamic properties of the natural gas mixture has yet been
identified, the nitrogen concentration was determined from a gas chromatograph analysis.  The
numerical value indicated by the gas chromatograph was entered directly into the Bristol
Babcock flow computer shown in Figure 24.

Time did not permit programming a code in ACCOL for the flow computer to convert the
signals from the ultrasonic transducer in the speed of sound sensor to sound speed readings.
Therefore, a computer program in LabView was developed and run on a laptop PC located close
to the energy meter module in the MRF LPL.  The PC furnished a Modbus signal, similar in
format to that produced by the Daniel model 3400 ultrasonic flow meter, that could be read
directly by the Bristol Babcock flow computer.
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Figure 23.  Photograph of energy meter module components
installed in low pressure enclosure.

Figure 24.  Photograph of the Bristol Babcock flow computer.
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A version of the energy module computer program, translated into ACCOL, was loaded
into the Bristol Babcock flow computer.  This version of the code accepts values of the speed of
sound and carbon dioxide concentration measured at the pressure and temperature in the energy
meter module.  Then, together with a value for the nitrogen concentration entered manually, the
ACCOL computer code calculates the density and molecular weight of the gas in the energy
meter module, the density, mass-based heating value, and standard volumetric heating value of
the gas at standard temperature and pressure.  Data for the orifice meter tube diameter and the
orifice bore diameter are entered manually into the flow computer.  Values of orifice meter static
pressure (at the downstream pressure tap), the orifice meter pressure differential, and the orifice
meter downstream static temperature are read by the flow computer from smart transducers
installed in the LPL.  Then the flow computer can calculate the gas density, the Reynolds
number, the orifice coefficient, and the actual volumetric flow rate through the orifice meter.
Finally, the flow computer calculates the product of the actual volumetric flow rate, the gas
density, and the mass-based heating value to calculate the energy flow rate.

5.4 Module Compatible with Ultrasonic Flow Meter

An ultrasonic meter measures the speed of sound directly at pipeline pressure and
temperature.  The values of sound speed, pressure, and temperature can be read directly by the
flow computer shown in Figure 24.  The energy meter module shown in Figure 23 would still be
used to measure the concentration of carbon dioxide.  Therefore, a small sample gas stream
would be taken from the pipeline, passed through a pressure reduction value, and allowed to flow
into the energy meter module.  Because the carbon dioxide sensor is sensitive to density, the
pressure and temperature values measured in the energy meter module are used to correct the
carbon dioxide reading to standard pressure and temperature.  When a reliable system for
determining nitrogen concentration is demonstrated, that system will also be placed within the
energy meter module enclosure.

A second version of the energy meter module computer program, translated into ACCOL,
was loaded into the Bristol Babcock flow computer.  This version of the code accepts the speed
of sound, actual volumetric flow rate (or at least the cross-sectional average velocity), pressure,
and temperature from the ultrasonic flow meter.  The computer program accepts the carbon
dioxide concentration, and the pressure and temperature from the energy meter module.  The
value of nitrogen concentration is read from the gas chromatograph analysis and entered
manually into the flow computer.

The flow computer program uses this information to calculate the gas density at pipeline
conditions and the molecular weight of the gas mixture.  Next, the value of standard sound speed
is calculated, together with the mass-based heating value and the standard volumetric heating
value.  Finally, the flow computer calculates the energy rate as the product of the actual
volumetric flow rate multiplied by the pipeline density and the mass-based heating value.
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6.0 GAS SENSORS

6.1 Speed of Sound Measurement

There are several methods that can be used to measure the speed of sound in natural gas.
The method selected for use on this project to develop an energy meter module is the ultrasonic
method.

6.1.1 Ultrasonic Method
Ultrasound has a wide range application in medicine and nondestructive inspection of

materials.  This technique uses high frequency acoustic waves that are not audible to the human
ears (typically the frequency range of 50 kHz to 50 MHz).  Recently, the lower frequency
ultrasonic technique is being used in natural gas industry to measure the gas flow rate.

The ultrasonic waves are usually generated and received by piezoelectric transducers.  In
this kind of transducer, the piezoelectric element generates mechanical vibration when charged.
The same element can produce electric signals when impacted by ultrasonic waves.  However,
these ultrasonic transducers are capable of generating and receiving only a small range of
frequencies.  The piezoelectric element determines the frequency and other characteristics of a
transducer.

Although ultrasound can easily propagate through solid materials, the low densities of
gases provide a poor environment for ultrasonic propagation.  The rate of absorption of
ultrasound in gases increases with frequency.  Thus, lower frequency ultrasonic transducers are
used for propagation in gases (typically less than 1 MHz).  On the other hand, low frequency
ultrasound reduces the resolution and accuracy of the measurement.  Therefore, a balance must
be kept between adequate propagation and the degree of accuracy desired.

6.1.2 Speed of Sound Measurement Technique
Two methods can be used to measure the speed of sound in both solids and gases.  The

first approach is called pitch-catch method.  In this method, two ultrasonic transducers are placed
face-to-face in front of each other.  One transducer is used to generate the ultrasonic waves, and
the other transducer is used to receive them (see Figure 25).  By knowing the distance between
the two transducers and measuring the time it takes for the ultrasonic wave to travel from the
generating transducer to the receiving transducer, one can determine the speed of sound on the
medium between the two transducers.  As shown in Figure 25, the transducers are separated by a
known distance, D, and the time it takes for ultrasonic waves to travel from the transmitting
transducer to the receiving transducer is measured to be t.  Then, the speed of sound is calculated
by:

DS t= (22)

where S is the speed of sound in the medium between the two transducers.  This method of
measuring the speed of sound has the advantage of being very simple.  Also, due to the fact that
the ultrasonic signal travels directly from the transmitting transducer to the receiving transducer
without any loss associated with reflections, the received signal is generally very strong.



56   GRI Report No. 00/0123

Transmitting Transducer Receiving Transducer
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Figure 25.  Schematic drawing of the pitch-catch method.

The other approach for measuring the speed of sound is called pulse-echo method.  In this
technique, a transducer is used as both the transmitter and the receiver.  Figure 26 shows the
schematic drawing of the pulse-echo technique.  In the pulse-echo technique the generated wave
is reflected back from a target with a known distance from the transducer, and is received by the
same transmitting transducer.  If the distance between the transducer and the target is D, and the
measured time is t, then the speed of sound is calculated by:

2DS t= (23)

This method is also very simple to apply and has the additional advantage of using only
one transducer.  However, due to the reflection of the ultrasonic beam from the reflector, some
losses in the signal can occur.

D

Transmitting-receiving
 Transducer

Figure 26.  Schematic drawing of the pulse-echo method.

6.1.3 Time Delay Error
Both of the above methods can generate some inaccuracy in the speed of sound

measurement.  This inaccuracy mainly comes from the uncertainty in measuring the time of the
received signal.  The uncertainty in starting time of both initial pulse and the received signal
produces this time delay error.

At the initial pulse, the starting point of the signal where time, t, is zero can not be
determined accurately.  Furthermore, the timing of the received waveform signal can not be
measured accurately.  Therefore, the uncertainty in these two measurements generates the time
delay error.
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To eliminate the time delay error, one can measure the time difference between the two
received signals.  Figure 27 shows the experimental setup for measuring the speed of sound
using pulse-echo technique and reflections from two targets.  In this method, the speed of sound
is measured by:

2DS t= ∆ (24)

where D is the known distance between the two targets and t∆  is the time difference between
the two received signals.  By measuring this time difference, we eliminate the time delay error.
This method has proven to be the most reliable way to measure the speed of sound accurately.

D

Transmitting-receiving
 Transducer

Target 1 Target 2

Figure 27.  Schematic drawing of the pulse-echo method using two reflectors.

6.1.4 Chamber Design for SOS measurement
To measure the speed of sound of natural gas, a chamber was designed to have two

reflectors.  Figure 28 shows the schematic drawing of the chamber.  The reflectors are two semi-
circle faces of a cylinder that has been cut along the cylinder axis.  The distance between the
transducer and the front reflector is approximately 50 mm.  This distance is not used in speed of
sound measurement.  However, the distance between the two reflectors was measured accurately.
In our design the distance between the two targets were measured to be 25.451 mm.

The transducer used in this study has a nominal frequency of 200 kHz and was driven by
a tone-burst signal generator.  The pulser-receiver card that was used to drive the transducer and
receive the reflected signals is a Matec TB1000 ISA card.

Transmitting-receiving
 Transducer

Natural Gas Inflow

Natural Gas Outflow
Target 1

Target 2

Temperature
sensor

Figure 28.  Schematic drawing of the chamber.
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6.1.5 Time Measurement
To measure the time difference between the two reflected signals from the two targets,

the following procedure was used.  First, the waveform signal of the reflected waves is acquired.
Figure 29 shows a typical waveform signal from the reflections of the two targets.  The first
signal in the waveform is the reflection from the front target (Target 1), and the second signal in
the waveform is the reflection from back target (Target 2).  To measure the time difference
between these two signals, the first signal is correlated against the second signal.  Figure 30
shows the correlation of these two signals.  The point where the maximum correlation occurs
determines the time difference between the two signals.

The correlation technique is accurate when the shapes of the two signals are not changed.
If the shapes of the two signals change due to the absorption of ultrasound in natural gas, the
correlation method can produce some uncertainty in the results.  In our measurements, both
signals retained their frequency contents, and the shapes of the two signals were similar.

6.2 Carbon Dioxide Concentration

The presence of carbon dioxide in a mixture of other gases may be directly sensed by its
unique infrared absorption characteristics. Infrared radiation is the region of the electromagnetic
spectrum with wavelengths ranging from about 0.1 cm (0.039 in.) to 7.0 x 10-5 cm (2.8 x 10-5

in.).  In terms of the wavenumber, which is the inverse of wavelength, the range is from 10 cm-1

(26 in-1) to 14,000 cm-1 (36,000 in-1).  The region is bounded by microwaves on the low end and
visible waves on the high end.  Figure 31 shows the electromagnetic spectrum relative to other
electromagnetic energy domains.

Infrared absorption characteristics of some gases may be exploited to measure
concentration because (1) infrared signatures of some gases are unique, and (2) the level of
absorption is related to the concentration present.  A gas sample is exposed to infrared radiation
(which may be broadband) at one end of a sample cell; then the intensity at a particular
wavelength (wavenumber) is measured by a narrow-band detector at the other end of the cell.
Absorption of infrared energy occurs when molecular vibrations are resonated by a particular
wavelength (wavenumber).  These absorbed wavelengths provide a “signature” of the molecule
in the form of an absorption spectrum.  Such a spectrum is summarized in Figure 32 for carbon
dioxide.  The most prominent absorption peak occurs at a wavenumber of about 2360 cm-1.  This
is the principal wavenumber that is exploited by (infrared) carbon dioxide sensor manufacturers.
The Vaisala GMM11 non-dispersive infrared (NDIR) carbon dioxide sensor is one such
instrument.

Note that in Figure 32 that a transmittance of 1.0 means that the infrared energy passes
without absorption.

Behring et al. (1999) reported the results of previous tests conducted at SwRI that used a
Vaisala model #GMM11 NDIR carbon dioxide sensor with a design range of 0-10 mole% carbon
dioxide.  The results indicated that (1) no major interference bands were seen for the n-Paraffin
hydrocarbons from methane to n-decane, and (2) the sensor predicted known concentrations of
carbon dioxide to within about 0.2 mole%.  This result established the general technical
feasibility of using an NDIR carbon dioxide sensor.



GRI Report No. 00/0123   59

Time

A
m

p
li

tu
d

e

Reflection from
Target 1

Reflection from
Target 2

Figure 29.  The two reflected signals from target 1 and target 2.

Point of Maximum
Correlation

Time

C
ro

ss
-C

o
rr

e
la

te
d

 A
m

p
li

tu
d

e

Figure 30.  The correlation signal between reflections of target 1 and target 2.



60   GRI Report No. 00/0123

10
8

 10
12

LONG
WAVE

NORMAL
RADIO

MICRO-
WAVES

TV &
FM

INFRARED

VISIBLE

ULTRA-
VIOLET

X-RAYS

GAMMA
RAYS

10
4

10
6

10
7

10
9

10
10

10
11

10
13

10
19

10
20

10
18

10
17

10
16

10
15

10
14

10
21

1 m 1 cm

FREQUENCY (HZ)

1 km 1
micron

1 nm

10
5

WAVELENGTH

WAVENUMBER (CM
-1

)

10
-5

10
4

10
7

110
-2

Figure 31.  The infrared region of the electromagnetic spectrum
relative to other familiar wave regions.
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For the current project, a similar NDIR carbon dioxide sensor, the Vaisala model
GMM12B, with a design range of 0 to 3 mole% carbon dioxide and 4-20 milliamp output was
used.

6.3 Nitrogen Concentration

Behring et al. noted that the nitrogen concentration within a natural gas mixture is more
difficult to measure directly than carbon dioxide.  Nitrogen has low infrared absorption
characteristics, and it is likely that infrared sensor technology will not work.  Nitrogen is
relatively inert chemically, and electrochemical sensors will not work either.  Behring et al.
estimated that the nitrogen concentration would have to be determined to within ±0.3 mole% for
a 0.5% shift in the mass-based heating value or the density.  In fact, Figure 19 shows that a ±0.3
mole% shift in nitrogen concentration will produce an equivalent shift of 0.5%  in the product
of the mass-based heating value and the gas mixture density.*  Behring et al. claimed that the
standard volumetric heating value was insensitive to the nitrogen concentration.  This claim is
contradicted by Figure 14, which shows that a ±0.075 mole% shift in nitrogen concentration will
produce a 1.0  Btu/SCF shift in standard volumetric heating value.

Behring et al. suggest that direct measurement of nitrogen may not be necessary and that
indirect methods for determining nitrogen concentration should be considered.  These methods
require either that measurements be made at two thermodynamic states or that another
thermodynamic property, such as a specific heat, be measured.  Both schemes have been
investigated, although neither has lead to a workable experimental system at this time.

6.3.1 Molecular Weight at Two Thermodynamic States
This scheme would be the easiest to implement because only the pressure, temperature,

carbon dioxide concentration, and speed of sound are measured.  Because measurements are
required at two different thermodynamic states, some method is needed to control either the
pressure or temperature.  Since the pressure upstream of the energy meter module is set and
controlled by a pressure regulation valve, it should be feasible to select two different pressures.

Equation (13) is the key to this method.

( )2 2 21MW MW
calc MW MW CO MW N

B CMW A D X E XS S
 = + + ∗ + ∗ + ∗  

(13)

where 2 3
21

MW MW
MW MW

D DD D S S
= + + , and 2 3

21
MW MW

MW MW
E EE E S S

= + + .

The coefficients in this equation, such as AMW, are functions of the temperature and
pressure, and can be calculated for two thermodynamic states, State One and State Two.  Values
of sound speed, S, are measured for both states.  The value of carbon dioxide concentration,
XCO2, is expected to be the same at both states, as are the nitrogen concentration, XN2, and the
molecular weight, MWcalc.  Therefore, we have two independent equations for molecular weight
that can be solved for the nitrogen concentration, XN2.

                                                
*An increase (positive shift) in nitrogen concentration reduces (produces a negative change) in the
product of the mass-based heating value and the density, and vice-versa.



62   GRI Report No. 00/0123

It seems reasonable to suppose that the two equations for MWcalc will be independent as
long as the coefficients are sufficiently different.  If State One and State Two were adjacent to
each other, the coefficients would be nearly identical and the solution for XN2 would be
indeterminate.  A series of calculations was performed with varying conditions for State One and
setting State Two to be P2 = 14.73 psia and T2 = 60°F.  The temperature at State One was taken
to be either T1 = 70°F, T1 = 65°F, or T1 = 60°F.  The pressure P1 was allowed to take different
values between P1 = 14.73 psia and P1 = 200 psia.  The results of the calculations are shown in
Figure 33.  P1 must be at least 50 psia, and preferably greater than 100 psia for the value of XN2

to be within ±0.3 mole% of the correct value.

P1, Pressure at State One, psia
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Figure 33.  Nitrogen concentration calculated from speed of sound measurements
at two thermodynamic states.

At first glance, this appears to be a promising method.  Unfortunately, the “scatter”
shown in Figure 33 is caused by numerical round-off error when the values of S1, S2, and XCO2

are known as accurately as possible.  For this procedure to calculate the nitrogen concentration
correctly, the values of sound speed at State One and State Two and the value of XCO2 should be
known as accurately as possible.  Experimental uncertainty in the values of sound speed and/or
in the measured value of XCO2 may produce physically unrealistic values for XN2.
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For example, consider a hydrocarbon gas mixture with a carbon dioxide concentration of
XCO2 = 1.042910 mole%, and a nitrogen concentration of XN2 = 0.646753 mole%.  State One is
P1 = 200 psia and T1 = 60°F, where the speed of sound is S1 = 1406.8 ft/s.  State Two is
P2 = 14.73 psia and T2 = 60°F, where the speed of sound is S2 = 1422.3 ft/s.  Using these values
of S1, S2, and XCO2, we can calculate a value of XN2 = 0.608637 mole%.  The error is  –0.038116
mole%, well within the desired uncertainty of ±0.30 mole%.  However, if the sound speed at
State One is measured to be S1 = 1407.3 ft/s (0.5 ft/s higher than the actual value), then the
calculated value of the nitrogen concentration becomes XN2 = 1.400631 mole%, an error of
+0.753878 mole% and well outside the desired uncertainty interval.  If the sound speed at State
One is measured to be S1 = 1406.3 ft/s (0.5 ft/s lower than the actual value), then the calculated
value of the nitrogen concentration becomes XN2 = -0.18114 mole%, an error of –0.827893
mole%.  Not only is the error outside the desired uncertainty interval, the negative value
calculated for XN2 is physically impossible.  Figure 34 shows the variation of the calculated value
of XN2 as a function of the error in the measured value of sound speed at State One.  We can
conclude that the sound speed measurement would have to have an uncertainty of ±0.2 ft/s or
less for the uncertainty in nitrogen concentration, 2NX∆ , to be within ±0.3 mole%.  The uncer-

tainty in sound speed measurement of current ultrasonic meters is within the range of ±1 ft/s to
±2 ft/s, approximately one order of magnitude larger than that required for the inferential
measurement of nitrogen concentration.

6.3.2 Determining Temperature Rise After Heating
Behring et al. discussed the discussed the potential for the indirect determination of

nitrogen concentration by correlating the isentropic exponent, kstd, at standard temperature (60°F)
and standard pressure (14.7 psia) to the inferential variables, Sstd, XCO2, XN2, and Sstd.  For an ideal
gas, the isentropic exponent is the same as the ratio of the specific heats at constant pressure and
constant volume, k = cp /cv.  The ideal gas assumption is reasonable in the region of low pressure
and high temperature, well away from the dew point line for a natural gas mixture.

The Lomic SonicWare® (1997) computer program was used to calculate values of cp, cv

and sound speed, Sstd, for 86 distinct natural gas compositions at standard temperature and
pressure.  Values of kstd were calculated simply as the ratio of the two specific heats.  Figure 35
is a graph of kstd as a function of standard sound speed.  For diluent concentrations less than 2%,
kstd varies in an approximately linear manner as a function of standard sound speed.  For diluent
concentrations greater than 3%, values of kstd are about 1% higher.

Since kstd varies with the diluent concentrations, both cp and cv at standard temperature
and pressure must also vary with the diluent concentration.  The values of cv and cp calculated by
the Lomic SonicWare software are plotted against the standard sound speed in Figure 36a and
Figure 36b below.  Note that the darkened symbols represent gas mixtures with total diluent
concentrations that exceed 4%.  The specific heat values calculated by Lomic SonicWare have
units of Btu/lbmole*oF.  To express the specific heat in units of Btu/lbmass*oF, the calculated
values must be divided by the molecular weight of the gas mixture.  Note that increasing the
diluent concentration reduces the specific heat values.  However, it has the effect of increasing
k = cp /cv.  The values of cv and cp are approximately 5% to 6% lower for XN2 and XCO2

concentrations in the range of 5%.
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Figure 34.  Sensitivity of the nitrogen concentration calculated from speed of sound
measurements at two thermodynamic states to an error in the measured value

of sound speed at State One.
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Sstd, Speed of Sound at Standard Temperature and Pressure, ft/s
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Figure 36a.  Graph of cv, specific heat at constant volume, versus sound speed
at standard temperature and pressure for 86 distinct mixtures

of paraffin hydrocarbons, nitrogen, and carbon dioxide.
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The measurement of thermodynamic properties such as k, cp, and cv is not necessarily
straightforward.  The property values at standard temperature and pressure are obviously
functions of standard sound speed and diluent concentration.  But in order to infer the nitrogen
concentration, XN2, we need a property or a combination of properties that can be measured
simply and inexpensively.  One route that may work is to infer the nitrogen concentration from
the product of the standard density and the standard specific heat at constant volume.

Suppose that we fill a container with a gas mixture at standard temperature and pressure.
The mass of the gas mixture inside the container is stdm V ρ= ∗  where V is the container volume

in units of ft3, and stdρ  is the gas mixture density in units of lbmass/ft3.  Next, we heat the gas

using an electrical heater to raise the temperature by T∆ .  The quantity of electrical energy used
to heat the gas can be measured as the product of the voltage across the heater times the electrical
current through the heater times the duration of heating in seconds.  The gas in the container will
be heated at constant volume, and the gas pressure will rise slightly as a result of the temperature
rise.  The gas density within the container will not change since neither the container volume nor
the mass of the gas has been changed.  The amount of heat energy, Q, added to the gas in the
container (neglecting losses through the cylinder wall) will be: ( / )std vQ V c MW Tρ= ∗ ∗ ∗ ∆ .  If

we measure Q, the quantity of heat energy dissipated, and measure T∆ , the temperature rise of
the gas, then since we know the volume of the container:

( )
v

std
c Q

MW V T
ρ ∗ =  ∗ ∆ 

(25)

In order to use this equation, we need to show that the product of ( / )std vc MWρ ∗  is a

function of standard sound speed and diluent concentration.  Figure 37 shows the values for the
product of the standard density and the specific heat at constant volume for the 86 distinct gas
mixtures in Table 1.  It is apparent that this product does vary with standard sound speed, and
that the values are affected by the diluent concentration.

We can model the variation of the quantity ( / )std vc MWρ ∗  product as a function of the

standard sound speed and the diluent concentrations.  The model parameters can be determined
by regression analysis.

2
v

std
std std

c CBAMW S S
ρ ∗ = + +  

(26)

where

0 1 2 2 2* *N COA A A X A X= + +

0 1 2 2 2* *N COB B B X B X= + +

0 1 2 2 2*N COC C C X C X= + ∗ +

The regression fit feature in SigmaPlot 5.0 (1998) was used to calculate values for the
nine regression parameters.  The values are:
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Sstd, Speed of Sound at Standard Temperature and Pressure, ft/s
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Figure 37.  Graph of the product of density and specific heat at constant volume at standard
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for 86 distinct mixtures of paraffin hydrocarbons, nitrogen, and carbon dioxide.

0 0.00248359A = , 1 0.000475082A = , 2 0.000653587A =

0 11.0257B = , 1 1.67547B = − , 2 2.3125B = −

0 14707.8C = , 1 1185.97C = , 2 1598.C =

Now, the regression model can be rearranged to predict the value of nitrogen
concentration given values for the standard sound speed and the concentration of carbon dioxide.

( ) 0 0 2 2
2 20 2 2

2

1 1
21

*CO
std stdstd std

N

std std

B C B CQ A X AV T S SS S
X

B CA S S

    − + + − + +    ∗ ∆     =
 + + 
 

(27)

This equation may be used to determine nitrogen concentration from measurements of
(1) the amount of energy transferred as heat to the gas mixture, (2) the volume of the container,
(3) the temperature rise of the gas mixture before and after heating, (4) the standard sound speed,
and (5) the concentration of carbon dioxide.  The effectiveness of this approach is shown in
Figure 38.  Actual values of the product ( / )std vc MWρ ∗ , actual values of standard sound speed,

and actual values of carbon dioxide concentration were used to calculate values of nitrogen
concentration using the inferential equation given above for 86 distinct gas mixtures.  The
calculated values of nitrogen concentration are compared to the actual value of nitrogen
concentration for each gas mixture.  Agreement between the calculated and the actual values is
good.
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Figure 38.  Graph of actual and predicted values of nitrogen concentration
for 86 distinct mixtures of paraffin hydrocarbons, nitrogen and carbon dioxide.

A very similar inferential procedure may be developed on the premise that the natural gas
mixture flows through a heating tube in steady flow and the steady state temperature rise is
measured.  In both methods, some of the energy transferred from the heating coil may be
transferred to the container or heating tube and not to the gas mixture. This parasitic loss should
be minimized if possible, and/or “calibrated out” of the data reduction equation (27) so that Q
represents only the heat energy transferred to the gas.  The final development of an inferential
procedure for the determination of nitrogen concentration must include an analysis of the effects
of the uncertainty in the experimental measurement of sound speed and carbon dioxide
concentration.
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7.0 MRF TESTS OF ENERGY METER MODULE

The energy meter module, shown in Figure 23, was fabricated, assembled, and checked
out in mid-May.  All testing was performed outdoors during hot weather in San Antonio, Texas,
with ambient air temperatures that exceeded 90ºF.

The evaluation of the energy meter module performance was initiated in conjunction with
a scheduled test on a different flow meter installed in the High Pressure Loop (HPL) test
manifold.

• Test 1 - Test the Bristol Babcock flow computer and the energy meter module algorithm
with a 12-inch ultrasonic flow meter shown in Figure 39.  The ultrasonic flow meter
furnishes three digital Modbus coded signals for (1) speed of sound, (2) pipeline pressure,
and (3) pipeline temperature.  Values of (4) carbon dioxide concentration, and (5) nitrogen
concentration will be read separately from the MRF gas chromatograph and input manually
into the flow computer.  The flow computer will perform the calculations for standard
volumetric heating value.  This value will be compared to the value computed from the
detailed gas composition measured by the gas chromatograph.

Tests with a 4-inch diameter Daniel Senior fitting orifice meter were scheduled in the
Low Pressure Loop (LPL) for the week of Tuesday, May 30, following the Memorial Day
Holiday.  These tests were designed to evaluate the ability of the energy meter module to
determine the carbon dioxide concentration, the natural gas heating value, and the energy flow
rate.  The orifice meter test plan called for:

• Test 2 - Test the ability of the energy meter module to produce an analog signal proportional
to the carbon dioxide concentration in a sample of gas taken under pressure from the LPL.
The carbon dioxide concentration measured by the energy meter module will be compared to
the concentration indicated by the MRF gas chromatograph.

• Test 3 - Test the Bristol Babcock flow computer, the energy meter module speed of sound
sensor and the energy meter module algorithm with a 4-inch orifice flow meter shown in
Figure 40.  The speed of sound sensor shown in Figure 23 sends its signals to a laptop
computer that, in turn, sends a Modbus coded signal to the Bristol Babcock flow computer.
Therefore, the flow computer will receive a digital Modbus signal for speed of sound, and
two analog signals for (2) pressure and (3) temperature in the energy meter module.  Values
of (4) carbon dioxide concentration, and (5) nitrogen concentration will be read separately
from the MRF gas chromatograph and input manually into the flow computer.  The flow
computer will perform the calculations for standard volumetric heating value.  This value
will be compared to the value computed from the detailed gas composition measured by the
gas chromatograph.

• Test 4 – Repeat Test 3 with the analog signal for carbon dioxide concentration from the
energy meter module replacing the manually input value from the gas chromatograph in
Test 3.

• Test 5 – Repeat Test 4, but provide the Bristol Babcock flow computer with additional
analog signals for (6) static pressure measured at the downstream pressure tap of the orifice
meter, (7) differential pressure measured between the upstream and downstream pressure
taps of the orifice meter, and (8) static temperature measured downstream of the orifice plate.
The energy meter module algorithm will calculate the standard volumetric heating value, as
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in Tests 3 and 4, but will also calculate the natural gas density upstream of the orifice plate.
The flow computer will calculate the volumetric flow rate through the orifice meter and will
multiply it by the calculated values of density and mass-based heating value to calculate the
energy flow rate.

Figure 39.  Daniel Model 3400 ultrasonic flow meter.

Figure 40.  Four-inch diameter orifice meter installed in MRF LPL
for test of the energy meter module.
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Test 1 was performed on June 1st.  Test 2 was performed in the LPL during the week of
June 12th.  Tests 3, 4, and 5 were combined and modified due to the outcome of preliminary
testing.  Section 7.2 includes a discussion of the changes in the test plan.

7.1 Test with 12-inch Daniel Model 3400 Ultrasonic Flow Meter

Energy meter module performance tests were scheduled to be performed during the week
of May 22nd with a Daniel 3400 ultrasonic flow meter (see Figure 39) installed in the reference
leg of the GRI MRF High Pressure Loop.  On May 22nd, the ACCOL software for the energy
meter module was loaded into the Bristol Babcock flow computer.  A Modbus communication
line linked the flow computer to the ultrasonic flow meter.  Surprisingly, the flow computer
would not communicate with the flow meter, and no data were acquired. The data
communication problem resisted solution at the MRF, and the Bristol Babcock engineer returned
to his office with the flow computer to run additional checks.

After consulting with the ultrasonic flow meter manufacturer, the Bristol Babcock
engineer was able to resolve the communication problem on May 31st.  He returned to the MRF
the next day and communication was established successfully between the Daniel ultrasonic flow
meter in the HPL and the flow computer on June 1st.  Two limited sets of data were acquired on
June 1st with the Daniel ultrasonic flow meter.

During the morning of June 1st, gas flowed through the Daniel ultrasonic flow meter
while an unrelated test was performed on another flow meter in the HPL test section manifold.
Table 12 shows one set of pressure, temperature and sound speed values that was recorded by
hand, together with the value of standard volumetric heating value calculated by the energy
meter module computer code.  Values of nitrogen and carbon dioxide concentration were taken
from the detailed gas composition printout from the gas chromatograph at 10:30 a.m.  Lomic
SonicWare® (1997) was used to calculate a value for the sound speed of 1386.01 ft/s using the
detailed gas composition from the gas chromatograph and the measured values of temperature
and pressure.  This value is within ±1 ft/s of the value measured by the ultrasonic flow meter at
the same value of temperature and pressure.  The value of standard volumetric heating value
determined by the gas chromatograph was 1009.4 Btu/SCF.  This value is slightly outside an
interval of ±1 Btu/SCF from the value calculated by the energy meter module algorithm.

Table 12.  HPL data recorded under flowing gas conditions on June 1, 2000.

Temperature, (°F) Pressure, (psia) Sound Speed, (ft/s) Hv, (Btu/SCF)

70.27 665.4 1386.95 1008.4

A second set of data was taken later in the day on June 1st using the data logging feature
of the flow computer.  Unfortunately, gas was not being circulated through the HPL at the time
because a new flow meter was being installed in the HPL test manifold.  The data that were
collected under zero flow conditions are shown in Table 13 and in Figures 41a and 41b.  During
this period the temperature recorded at the ultrasonic meter increased from 80.5°F to 84.6°F, the
gas pressure increased by 1.7 psia, and the sound speed increased from 1403.26 ft/s to
1408.52 ft/s.  However, as Figure 41b shows, the calculated value of standard volumetric heating
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Speed of Sound vs. Gas Temperature
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Figure 41a.  Graph of measured sound speed versus measured value of gas
temperature with no gas flow in GRI MRF HPL.
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Figure 41b.  Graph of calculated value of standard volumetric heating value versus
measured value of gas temperature with no gas flow in GRI MRF HPL.
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value, Hv, changed by about +1 Btu/SCF and remained within an interval of ±1 Btu/SCF of the
value indicated by the gas chromatograph analysis.

Of course, the actual value of Hv was 1009.4 Btu/SCF and did not change during this
time.  The increase of 1 Btu/SCF observed in the calculated value of Hv suggests that the
recorded values of temperature, pressure, and sound speed were not in equilibrium.  Note that a
value of +1.2 Btu/SCF would be predicted using the sensitivity factors in Section 4.1 and the
upper and lower limits of temperature, pressure, and sound speed in Table 13.  Since the
temperature is measured inside a thermowell, it is subject to an error due to thermal conduction
through the pipe wall and thermowell casing.  A temperature measurement error as small as
+0.7°F would cause an error of 1 Btu/SCF in Hv.

1.45 4.1 0.89 5.26 0.036 1.6 1.21v

Btu Btu Btu BtuftH F psisftSCF F SCF psi SCFSCF s

∆ = ∗ ° − ∗ − ∗ =
∗° ∗∗

Table 13.  HPL data recorded under conditions of no gas flow on June 1, 2000.

Temperature, (°F) Pressure, (psia) Sound Speed, (ft/s) Hv, (Btu/SCF)

80.49 648.2 1403.26 1009.2

81.25 648.4 1404.19 1009.5

81.87 648.8 1405.08 1009.5

82.61 648.2 1405.93 1009.8

83.16 649.2 1406.62 1010.0

83.66 649.3 1407.38 1010.0

84.14 649.8 1407.87 1010.2

84.59 649.8 1408.52 1010.3

The two sets of tests performed with the Daniel ultrasonic meter and the energy meter
module are too limited to be considered as a definitive demonstration of performance of the
energy meter module when used with an ultrasonic meter.  Additional tests are needed with gas
flowing through the ultrasonic flow meter.  Also, the carbon dioxide and nitrogen concentrations
should be measured instead of determined by a gas chromatograph.

7.2 Test with 4-inch Daniel Senior Orifice Meter Fitting in MRF LPL

A 4-inch diameter orifice meter with a Daniel Senior orifice fitting was installed in one
leg of the MRF Low Pressure Loop as shown in Figure 40.  The energy meter module
performance tests with an orifice meter were originally scheduled for the week of May 30th.
However, the delay caused by the problem with reading the speed of sound signal from the
Daniel ultrasonic signal affected the schedule for the orifice meter tests also.
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On the afternoon of June 1st and June 2nd, the flow computer was disconnected from the
12-inch Daniel 3400 ultrasonic flow meter and connected to the SwRI energy meter module
(containing ultrasonic sensors and a CO2 sensor) in the LPL.  Although the electronic signals
from the ultrasonic sensors had been transformed to resemble a Modbus signal from an
ultrasonic flow meter, a problem was experienced in communication between the energy meter
module and the flow computer. The problem was found in the program source code and
resolved.  On the morning of June 2nd, time was spent in training SwRI staff to set up and use the
flow computer software without onsite support from the Bristol Babcock engineer.  Once
training was completed, the afternoon was used to continue to investigate the communication and
speed of sound sensing problems.

Lomic SonicWare was used to calculate the speed of sound from the gas chromatograph
analysis of the gas flowing in the LPL and the temperature and pressure measured in the energy
meter module.  There was an approximately 15 m/s difference between the speeds of sound that
we obtained during the test and those computed using Lomic SonicWare software.  These
differences were surprising since the speed of sound values measured during instrument
checkout tests with pure nitrogen gas in the sound speed sensor had agreed with accepted speed
of sound values.

Test 2 began on June 13, 2000.  The initial results from the CO2 measurement tests
indicated that the concentration of CO2 was being measured to within an average of 0.054
mole% of the value determined by gas chromatography, without pressure or temperature
correction (Figure 42).  Furthermore, the CO2 sensor provided a steady output.  At this point, it
was decided to modify Test 3, Test 4 and Test 5.

In the modified test plan, Test 3 was deleted because the results of the CO2 concentration
tests indicated that it was not necessary.  Tests 4 and 5 were combined into a single flowing test
providing the determination of flow rate and energy content.  This test was conducted on June
13, 2000.

During the initial flowing tests on June 13, 2000, the heating value determined using the
energy module was approximately 18 Btu/SCF higher than the heating value determined using a
gas chromatographic analysis and GPA Standard #2172.  Further analyses of raw data indicated
that there was a significant difference between the indicated gas temperature at the orifice and
the indicated gas temperature at the SOS sensor (Figure 43).  This difference was considered too
large to be accounted for by heat transfer from the sample delivery/energy module system to the
flowing gas.  It was also observed that the indicated gas temperature at the sound speed sensor
increased throughout the day.

Flowing tests conducted in the LPL on June 14, 2000, were intended to assess the impact
of changes in indicated gas temperature at the SOS sensor and in the measured sound speed.
Discussions within the design team resulted in the following four test scenarios:  (1) use the
measured temperature at the SOS sensor and use the measured ultrasonic signal transit time; (2)
use a corrected temperature at the SOS sensor and use the measured ultrasonic signal transit
time; (3) use a corrected temperature at the SOS sensor and decrease the measured ultrasonic
transit time by 5 µseconds; (4) use the measured temperature at the SOS sensor and decrease the
measured ultrasonic transit time by 5 µseconds.
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The corrected (fixed) temperature was set at 73°F to reflect heating along the sample line
from the sample point to the SOS chamber.  It was assumed that the Joules-Thomson cooling
effect was offset by the temperature of the energy module components (approximately 90°F),
and the sample delivery system, resulting in a small net increase in gas temperature.

A –5-µsecond adjustment in ultrasonic signal transit time was selected to reflect an
assumed error in the measured time between the 2 signals of 1 cycle (1/200 kHz = 5 µs).  The
adjustment signifies an increase in measured sound speed.

Table 14 shows the average heating values calculated during the June 14th LPL flowing
tests.  The largest deviation occurred when the measured gas temperature at the sound speed
sensor and the measured ultrasonic signal transit time were used without correction or
adjustment.  The lowest deviation occurred when the temperature was set at 73°F and the
ultrasonic signal transit-time was reduced to provide a velocity of sound consistent with Lomic
SonicWare at the assumed temperature.

Table 14.  Average heating values calculated from LPL energy meter tests.

Test Test Conditions

Sensor
Heating
Value

(Btu/SCF)

Reference
Heating
Value

(Btu/SCF)

Difference
(Btu/SCF)

1
Measured Temperature

& Measured Transit Time
1056.6 1009.3 47.3

2
Corrected Temperature

& Measured Transit Time
1041.7 1009.3 32.4

3
Corrected Temperature
& Reduced Transit Time

1007.0 1009.3 -2.3

4
Measured Temperature
& Reduced Transit Time

1024.5 1009.3 15.2

The data suggest that the temperature indicated at the sound speed sensor is affected by
the ambient temperature.  It is speculated that heat transfer from the outside environment warms
the sound speed sensor, thereby subjecting the temperature measurement device to heat transfer
via the mechanisms of conduction and radiation, and affecting the indicated gas temperature.

The error in the speed of sound measurement may be due to one, or a combination of the
following: signal processing, insufficient purging of the sensor (i.e. air contamination), and
indicated gas temperature (used to look up SonicWare calculated sound velocities for com-
parison with the measurement).  The reflected signals, viewed with an oscilloscope, provide no
reason to suspect target interference.
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8.0 RECOMMENDATIONS FOR FURTHER WORK

The scheduled test period was limited, and the unforeseen problems in communication
between the ultrasonic flow meter and the flow computer limited the amount of performance
information acquired.  Both the ultrasonic meter test and the orifice meter test should be repeated
before new research tasks are initiated.

8.1 Speed of Sound Measurement Improvement

Recently, a new, commercially available ultrasonic transducer was received under loan
from the manufacturer.  The new transducer operates at a higher frequency, 500 kHz, compared
to 200 kHz for the transducer that we tested.  The new transducer has a higher efficiency to
generate ultrasound in natural gas.  The manufacturer is willing to loan the transducer to SwRI
for evaluation.  If the evaluation is satisfactory, the transducer can be purchased for application
to this project.  It is anticipated that the results obtained with the new transducer may help to
determine the causes of discrepancies between the sound speed results obtained in the LPL and
the results computed using Lomic SonicWare® (1997).

The design of the sound speed sensor should be reviewed, and the sensor chamber should
be tested to ensure that air is not entering the system and that there is a sufficient purge to
remove any air in the system after initialization.

8.2 Nitrogen Concentration Sensing

The “on paper” design and evaluation of potential systems for measuring or inferring
nitrogen concentration discussed in section 6.3 must be completed, and a candidate system
fabricated for evaluation in the LPL.  A candidate inferential system must be capable of
measuring a property such as a specific heat that is sensitive to the concentration of the diluent
gases, nitrogen and carbon dioxide.  Although it wasn’t considered in this report, the apparatus
and method described in Drayton et al. (1999) should be considered if further work is
undertaken.

This reference is a United States patent, assigned to GRI, that describes a method for
determining thermophysical properties such as the specific heat at constant volume and the
specific heat at constant pressure, without knowing the gas mixture composition.  If the value of
specific heat is determined accurately by applying the GRI patent, and if the specific heat is
modeled as a function of pressure, temperature, speed of sound, nitrogen concentration, and
carbon dioxide concentration, then it will be possible to inferentially determine the nitrogen
concentration and the heating values of a gas mixture of unknown composition.

8.3 Temperature Measurement in Energy Meter Module

It is plausible that the temperature indicated by the sound speed sensor may be different
from the actual gas temperature at that location due to heat transfer from the environment to the
resistance temperature device via the mechanisms of conduction and radiation.  If so, the sensor
design should be modified to ensure that the indicated gas temperature is the true gas
temperature.  Tests should be conducted to verify the effect of the modifications.  If the gas
temperature is changing within the energy meter module, it may also be necessary to stabilize the
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gas temperature using small diameter coiled tubing or a compact heat exchanger, before the gas
stream enters the sound speed sensor.

8.4 Evaluate Performance for Range of Gas Mixtures

Although we are confident that the energy meter module will work well for a range of
natural gas molecular weights and standard volumetric heating values, this capability should be
demonstrated.  We will add a quantity of propane to the natural gas in the LPL to increase the
heating value to a value approaching 1100 Btu/SCF.  Orifice meter tests will be performed.
Analysis by the MRF gas chromatograph will confirm the gas mixture composition and provide
reference data on heating value.  Values of sound speed will be predicted using Lomic
SonicWare and compared to measured values.  A separate test should be performed with
elevated levels of “inerts.”  We will add a quantity of carbon dioxide to the LPL that will bring
the total inert gas composition to about 6 %, and perform tests with the energy meter module.
Again, the MRF gas chromatograph will be used to confirm the gas mixture composition and
provide reference data on heating value for comparison with values determined by the energy
meter module.

8.5 Field Test of Energy Meter Module

Following successful tests in the MRF, the GRI MTAG membership will be solicited to
assist with a field test of the energy meter module.  Ideally, two types of tests would be
scheduled at field sites.  The first would be a test with an ultrasonic flow meter, similar to the test
that will be completed in the MRF HPL.  The second test would involve another class of meter
such as a turbine meter, orifice meter, or Coriolis meter.

8.6 Market Research and Commercialization

Behring et al. (1999) operated on the presumption that a commercial niche exists for a
natural gas energy meter module that is significantly less expensive and less complex than a
traditional gas chromatograph for energy measurement.  The market potential for a retrofit
energy meter module, suitable for use with any type of natural gas flow meter, should now be
confirmed.

The method could be implemented soon in ultrasonic meters, if the diluent concentrations
could be input as constant values, or if only the CO2 concentration is measured and the N2

concentration is input as a constant value.

8.7 Recruit a Commercial Partner

Naturally, it will make good sense to bring a commercialization partner on board to
assess the commercial potential of the energy meter module.  A U.S. patent application has been
filed to protect the intellectual property disclosed in this report and the previous report by
Behring et al.  Discussions may now be held with both potential users and manufacturers to
develop a commercialization plan for the energy meter module.  From a research point of view,
the work outlined in sections 8.1 through 8.4 should be completed first, so that it may be
reviewed with GRI/DOE and the information shared with potential commercialization partners.
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